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ABSTRACT

A National Research Council committee was formed to study recerL
developments in processing materials through the use of plasma technology.
Noteworthy advances in this field have occurred in several foreign
countries, and great promise is shown for a number of new and improved
methods for materials systems. The study addresses thermal plasma melting
and remelting technology, extracting and refining technology, plasma
deposition, thermal plasma synthesis and consolidation, and processing using
low-pressure nonequilibrium plasmas. Opportunities based or. these
technologies are discussed, and priorities for support of research and
development are suggested.

The committee points out that thermal plasma processing technology in
the United States has generally not advanced beyond laboratory-scale or
pilot-plant stages. In contrast, large-scale production fzcilities have
been developed in the Soviet Union, the German Democratic Republic, and
Japan. Significant advances in some specialized areas have also been
achieved in several European countries, Canada, and South Africa. The
Uniced States, on the other hand, is at the leading edge of the processing
science and technology associated with the application of low pressure
plasmas as employed especially in the electronics industry.

The committee concludes that there would be a substantial payoff from
funds devoted to research and development, with the most promising being
perhaps the area of plasma deposition processing as it relates to
microelectronics and very-large-scale integrated circuits. Specific
suggestions are given for research and development projects in each of the
technologies studied.
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PREFACE

Plasma processing of materials is the practical employment of two
interrelated disciplines--plasma chemistry andi arc technology. Both fields
make use of the plasma state of matter, wherein a plasma, made up of a
mixture of neutral particles, ions, and electrons, can potentially be
utilized for producing new materials with unusual, superior properties, for
developing new chemical compounds and processes, and for altering and
refining materials and surfaces. This potential, a part of which has
already been realized, can play a significant role in the future of
materials science and engineerinp, endeavors. .

These possibilities have been recognized in several foreign countries:
and notably Japan, the Soviet Union, and the German Democratic Republic
have taken lead roles in pioneering the exploitation of, plasma processing
science and technology for their national needs.

With the growing awareness in the United States that plasma processing
promises a broad range of new and improved processing operations for
materials systems, the Department of Defense and the National Aeronautics
and Space Administration requested the National Research Council to study
this subject inma broad, fundamental manner'. Such a study would assist -
in organizing the information presently available about the field, in
assessing its specific importance to' materials science and engineering, and
in providing a perspective for future investigations.

The Committee on Plasma Processing of Materials. was formeu by the
National Materials Advisory Board (NMAB) to study the areas of materials

science and engineering processing of materials pertinent to:

* The unique aspects of utilizing plasmnas for materials processing
0 The use of thermal plasma for melting and.remelting technology
* The technological opportunities in extractive metallurgy
* Spray deposition for near-net-shape manufacturing
* Thermal plasma synthesis and consolidatio'n (e.g., the production of -

submicron oxide powders, synthesis of ternary carbides and
nitrides, plasma sintering of ceramic, materials, and the -.

spheroidization and densification of porous particles and
conglomerates)

* The potential for processing materials using low-pressure,
nonequilibrium plasmas

vS
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The committee was asked to provide an overview of the various
technological opportunities in plasma processing and to suggest the kind and
extent of research and development necesary to advance plasma processing
technology.

In carrying out its assignment the committee examined all technical and
scientific aspects of plasma processing. It benefited from the experience 0
of many people engaged in the field, both in the United States and abroad,
through examination of their writings and through personal contacts and
discussion. Although the committee did not go deeply into the complex legal
and economic issues of certail,, ac.:.•cts of plasma processing, ic was keenly
aware of these nontecinical factors. -

This report prcsents the committee's findings based -n extensive
deliberations during its review and distillation of a large body of
informat ion.

vi
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Chapter 1

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

INTRODUCTION

The plasma processing of materials is an important, growing field, which
encompasses a broad range of activities, ranging from the production of'
electronic materials, deposition and coating technologies, to the synthesis of
uniformly sized powders and compounds, and the melting-refining of
superalloys, titanium and other'important engineering materials. These

operations will have a continuing impact on both our defcase related
industries and on our industrial society as a whole.

The purpose of this report is to provide a critical assessment of the

principal current and anticipated activities in the plasma processing field
with emphasis on the technological engineering opportutiities'that are

available for exploration and the research needs that have to be met in order
that these opportunities may be realized. In this context, the principal
conclusions and recommendations of this report follow.

CONCLUSIONS

1. In melting and remelting, the plasma process provides the pocential
for efficient processing and recycling of scrap and alloy materials, thus
conserving both hydrocarbon fuels and critical materials. Systems exceeding
2U-MW capacity are in operation in a number of foreign countries, processing
high-quality steels and othec materials. The process also permits achieving
unique materials, such as the tungsten morocrystals with room-temperature
d-ctility.

2. Few full-scale.plasma installations for metal extraction have been
constructed; nonetheless,,the technologic&l feasibility of using plasma
reactors for the extraction of metaLs from their ores is established.
Demonstration plants have been or are being constructed in foreign -ountries
for the melting of ferrous scrap,' sponge iron production, and the production
of ferrochrome. Important technological opportunities fcr plasma extractive
metallurgy include the production of magnesium, titanium, tungsten, other
refractory metals, and possibly aluminum.. The processing of fly ash for the
recovery of aluminum, titanium, and other constituents is a longer range
possibility.

1
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3. By injection of prealloyed powder particles into a thermal plasma
(either in inert gas or in a reduced pressure environment) one can obtain

rapidly solidified metastable (i.e., amorphous, microcrystalline, and

supersaturated solid soluition) bulk structures or thin coatings. These
developments can be applied to the processing of near-net shapes, graded e

structures, and composites using mixed powder feeds, gab-injection tec:hniques

or multiple source systeuls. By selecting a proper injection mode of

organo-metallic precursors, one can control the residence time and hence the
decomposition pathways so as to generate continuous films (chilled substrates)
or fine particulates. This concept of decoupling of heating and residence
time in the plasma is alvo applicable to systems involving particulate -
injection, as in refining metals and ores.

4. The most important development in the area of plasma synthesis and in
consolidation is the preparation of metal and ceramic powders and their
mixtures. The major impact of this technology of submicron powder processing
is expected-to occur within about 10 years. Of particular interest is the

preparation of submicron ceramics, especially SiC and Si 3N4 from halide
and organometallics which in eens! form are candidate materials for advanced

heat engines applications.

5. A large and growing area of application of nonequilibrium plasmas is

in the fabricatioin of integrated circuits dnd thus is an area of'vital :
importance to our electronics industry. Applications utilizing noble gas
plasmas, such as ion-plating, sputter-deposition of thin films and
sputter-etching for pattern generation, while numerous and significant, are
based on relatively well-understood phenomena and probably will not benefit
-ubstantially from acditional basic research. Applications utilizing
molecular gas plasmas, where reactive species are generated in situ, such as
plasma etching and plasma-enhanced chemical vapor.deposition, are based on
phenomena that are not well-understood in the fundamental sense.
Consequently, much of the development for these applications has been done by
empirical, trial and error methodology. Timely research and development in
reactive plasmas is imperative to maintain a strong competitive position and
for progress in high-technology industries in the United States.

RECOMMENDATIONS "

From a broad perspective, the United States is lagging behind a number of

nations iui thermal plasma research and development. Ndtable among the
countries that are ahead of the United States are the Soviet Union, Japan, and -
East German-. In these countries, emphasis has been toward innovation in "
technology.-' In all cases the common factor has been recognition by these -

governments that plasma processing can be adva,::ageous to their nations.

Potential specific advantages for the United'Stan-:s include better use of
strategic materials, near-net-shape processing, and processing of refractory
powders. Research and development work in the United States on thermal plasma .

processing shoul' be undertaken with goals such as these in mind.

Basic and innovative research is urgently recommended in the a--es listed

I. The poor basic understanding of the'kinetic and transport phenomena

in plasma systems (both thermal and nonequi'librium) is a major barrier to full

I - - - -
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development of these processes in the United States. Experimental and

analytical studies should be undertaken on kinetics and transport phenomena in

plasma systems to obtain a better understanding of the electromagnetic force

field, the fluid flow field and temperature fields in plasmha systems including

plasma-particle and plasma-surface interactions.

2. Improved diagnostic techniques are needed to measure key plasma and

plasma/materials parameters. The most important advances needed are for rapid'

determinations of temperature and velocity fields within the plasma.
Identification of species and chemical reactions are essential to the

unaerstanding of the processes. A consideration of the transport properties

is also critical since the plasma may be radically changed by vaporized and/or

reactive species. If such properties are provided! from good experimental

data, meaningful modeling and scaling can be accomplished.

3. Modeling studies are needed of the complex heat transfer, transport

properties, and reactive kinetics--including plabma heat source, and molten

pool ingot-crucible interface. Similarly, experimental and mathematical
modeling studies are needed of the mechanics of momentum and heat transfer

between the plasma and injected particles.

4. Basic research needs in nonequilibrium plasma processing that must be

addressed are: characterization and understanding of the plasma environment
with respect to chemical composition and the energy distributions of ions,

electrons and neutrals; characterization ard understanding of plasma-surface
interactions especially in the area of synergistic phenomena involving

energetic charged particles and neutral reactants; understanding hod materials

properties relate to the plasma condiLions present during their formation.

5. Needed research on process innovation in low pressure plasma

includes: continued development of plasma-assisted etching for
very-large-scale integration (VLSI); refinement of processes for the

deposition of hydrogenated amorphous silicon; extension of plasma etching and

plasma deposition techniques to other solid-state technologies. Because
reactive plasmas represent the least understood facet of nonequilibrium
plasmas, they offer the promise of uncovering many new and attractive
applications.

Efforts should be made to focus basic research on thermal an-

nonequilibrium plasma processing at universities, with a view Lc establishing

in the long term a few Centers of Excellence covering' all relevant aspects of

the subject. A possible mechanism might be an NSF Engineering Center.

Engineering studies need to be conducted in parallel with the proposed

basic research programs; presumably these will 'be ccnducted largely by

industry. As an example, engineering development needs' in plasma extractive

metallurgy include the establishment of design criteria for plasma systems to

obtain the appropriate scale of operation, the residence time, and conditions

for quenching, posaibly in conjunction with energy recovery. In addition,

there is a need for appropriate materials for the electrodes and material

containment. Finally, many 'industrially successful systems may have to be
part of larger industrial complexes' in order to obtain optimum materials and
energy utilization. The conceptual study of these systems would also be
desirable.



iS

0

Chapter 2.

INTRODUCTION TO PLASMA PROCESSING OF MATERIALS9

Plasma processing ýmakes use of the plasma state, which is frequently
referred to as the fourth state of matter, since more than 99 percent of the
universe known to mail is in the plasma state. The high energy content of a
plasma compared to that of solids, liquids, or ordinary gases lends itself to
a ncanber of intriguing applications.

In general, a plasma consists of a mixture of electrons, ions, and neutral
species. Although there are free electric charges in a plasma, negative and
positive charges compensate each other, i.e., overall, a plasma is
electrically neutral, a property known as quasi -neutrality. In contrast to an-
ordinary gas, the free-electric charges in a plasma give rise to higi A-
electrical conduccivities that may even surpass those of metals.

Plas'uas may be generated by passing an electric current through a gas.
Since gases at room temperature are excellent insulators, a sufficiert number
of charge carriers must be generated to make the gas electrically ccau-'iicting.
This process is known as electrical breakdown, and there ate a number of ways "71
in which this may be accomplished. The breakdown of the originally
nonconducting gas establishes a -conducting path between a pair of electrodes.
The passage of an electrical current through the electrode gap leads to an
array of phenomena known as-gaseous discharges. Such gaseous discharges are
the most coimmon but npt the only means for producing plasmas. Fo.~ certain
appii:ations, plasmas are produced by electrod'eless rf discharges, by shock 40
waves, or by laser or high-energy particle beams. Finally, plasmas may also
be produced by heating gases (vapors) in a high-temperature furnace. Because
of inherent temperature 'limitations, this. method, is'restricted to metal vapors
with low ionization potentials.

For the following considerations plasmas produced by electrical discharge
will be emphacized. In principle, such plasmas are divided into two types.
The first is ?.ae "hot" or "equilibrium" piLsma, which is characterized by an

5
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6

approximate equality between heavy particle and ele-'ttron temperatures,, i.e.,
the thermodynamic state of the plasma approaches equilibrium cr, 'more,
precisely, local thermodynamic equilibrium (LTE). Such plasmas are kndwn as
thermal plasmas. LTE comprises not only kinetic equilibrium.(Te.- Th),
where Te = electron temperature, and Th =heavy particle temperature but
also chemical equilibrium; i.e., particle concen~trations in a LTE plaima are
only a function of the temperature. Typical. examples of thermal plasuras are
those produced in high-intensity arcs and plasma torcass or in rf high
pressure, high-power-density diLscharges tl-31.

The second type of plasma is known as the "cold" or "nonequilibrium" -

plasma. In contrast to thý_rmal plasmas, cold plasmas are characterizea by -

high electron temperatures and rather low "sensible" temperatures of the heavy
particles (Tez.>T,,1). Plasmas produced in various types of. glow discharges,
in low pressure rf discharges, and in corona discharges are typical examples
of such nonequilibrium plasmas.

Thermal as well as nonequilibrium plasmas cover a wide r~ange of
temperatures and electron densities. Figure 2-1 sh'ows' the approximate range
of electron temperatures and electron densities of natural and man--made
plasmas. The electron temperatures are given in units of electron volts (1 eV
corresponds to an electron temperature of approximately 7,740-K).

Thermonuclear

Fusion Plasmas

102 5yr`04n
0*

E

Glow Dischc'rge~s
CFluorescent LampsHiPesue

RF Dischargs, ,isd
Z; 100- r4L/J.rcs 8aRf ischarges-

Sho0ck Warsl/

,tearý 2 Room Tempertoure

108 1012  je 120 1024

-Vacuum oil
Electron 'Density (Ift'5) Sld

FIGURE 2-1 Classification of plasman.
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As a general criterion for the existence of a hot or a cold plasma, the
ratio of E/p or E/n has been proposed (S - electrical field strength,
p - pressure, n - particle number density). This criterion reflects the
energy exchange process between electrons and heavy particles in a plasma.
The collisional ;.oupling" and the associated energy exchange between
electrons and heavy particles i3 enhanced by high particle densities or high
pressures. High electric fields tend to increase the excess energy of the
electron gas, therefore, thermal plasmas are characterized by small values of
E/p or E/n. For cold plasmas, values of these parameters are higher, usually
by several orders of magnitude. Figure 2-2 shows the separation of electron
and heavy particle temperatures in an electric arc as a function of the
pressure (100 kPaf 1 atm).

Both thermal and cold plasmas have been known for many years, and there is
a wealth of information available about them in the literature [4-13]. The
commercially successful application' of plasmas for materials processing,
however, is relatively new, although a great deal of work has been done in
this field. The unavailability of the required hardware, including diagnostic
tools, as well as the lack of basic understanding of the interactions between
plasma and materials, are the main recsons earlier attempts had little or no
success. . Over the past 25 years sophisticated hardware has been developed,
and at the -,ame time plasma diagnostics developed into a mature science which
removes the major obstacles for the commercialization of plasmas as materials
processing tools. In this context, advances in computer technology will
continue to be crucial for the analysis and modeling of plasma and-material
interactions and chemical reactions under plasma conditions. In spite of
these encouraging developments, plasma processing still suffers from a
profound lack of fundamental knowledge. This will become increasingly clear
in the following chapters of this report.
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FIGURE 2-2 Behavior of electron temperature (Te) and Leavy particle
ttmperature CT1) i~n an arc plasma [21.
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Industrial advances in the field of plasma processing have been hampered

by the previously mentioned gaps in understanding of particulate matter

interaction with plasmas. Although the knowledge generated in recent years

fills some of these gaps, much more work needs to be done to establish a solid

engineering base for industrial development.

In contrast to the development of more conventional technologies, this

field cannot succeed without extensive interdisciplinary interactions.

Knowledge in plasma physics, gaseous electronics, fluid dynamics, and heat

transfer must be combined with experience in surface chemistry,

electrochemistry, and materials science. Because of the high cost of

equipment, especially for diagnostic purposes, the very nature of plasma

processing makes the establishment of viable research groups rather difficult,

especially in academic environments. Therefore it ij not surprising to find

so few university research groups in this field, and 'as a consequence the

generation of basic knowledge in plasma processing of materials has been

rather slow.

For the following discussion of the state of the ar~t in this area, it is

useful to consider the range of plasma parameters, indicated in Figure 2-3,

that apply for thermal and for nonequilibrium plasma processing of materials.
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FIGURE 2-3 Plasma parameters for thermal and nonequilibrium plasma

processingL of materials.
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Over the past decade, the availability of high-speed computets •as
provided a strong incentive for modeling work in thermal plasma Zechnology.
This 'approach, however, is not without problems due to the multi-e.omponent
mixture of gases and vapors that a plasma, in general, represents. Moreover, 0
modeling is restricted to relatively simple configurations (usually
two-dimensional) that may substantially differ from actual situations.
Although our level of basic understanding of thermodynamic properties and
transport phenomena in plasma systems has improved considerably over the past
years, the multi-component nature of actual plasma systems and the complexity
of the geometry impose severe limitations on the validity of -modeling work.
Nevertheless, even simplified models are useful for understanding basic trends -
and for determining the parameters Lhat govern the behavior of plasma
systems. In addition, the results of such modeling work provide useful
guidelines for pertinent experiments.

As an illustration of recent results, Figure 2-4 shows a comparison
between measured and predicted isotherms in a free-burning, high-intensity
arc [141, and Figure 2-5 shows measured and predicted axial temperature
variations in a nitrogen/hydrogen plasma jet (15]. Although severe problems
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FIGURE 2-4 Isotherms of a free-burning, higi-intensity are 114]..;
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FIGURE 2-5 Axial temperature variation in a nitrogen/hydrogen atmospheric
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have been experienced in the modeling of these systems, the results have
indicated reasonable agreement between predictions and measurements.

A number of laboratories in the United States and abroad have been
involved in modeling work associated with the interaction of particulate
matter with thermal plasmas. The results of this work, which are discussed in
the following chapters,-are of considerable importance both for plasma
processing of materials and for plisma spraying.

Despite substantial improvements in ou~r overall understanding of thermal
plasma behavior, a number of problems require intensive &utudies. In
particular,'efforts are necessary to gain &*better understanding of deviations
from LTE in the vicinity of electrodes and confinin~g walls. In addition,.
there is still a poor underetinding-of the motion and heating of particles in
rarified plasmas and in' regi'res'of extremely steep temperature gradients. --.



Thermal plasma processing comprises melting and remelting technologies,
plasma metallurgy, including extractive metallurgy, plasma deposition and
rapid solidification techniques, plasma synthesis and consolidation, and other
industrial applications that mnake direct or indirect use of thermal 'plasmas.
With a few notable exceptions, thermal plasma processing is still in the

laboratory or pilot-plant stage. The potential of many thermal plasma

processes, however, is increasingly recognized, and there seems to be
consensus among the experts that new emerging technologies in thermal plasma
processing will have a strong impact on the economy.

Plasma metallurgy has a long and successful history. Arc welding, .
cutting, and spraying, arc melting of scrap, and plasma refining and alloying
have been used cc-mercially for many years. The key advantages of thermal
plasma techniques as specifically applied to melting technology include (a)
the ability to achieve a steady-state, uniform flow of partially ionized gas
with bulk gas temperatures well above those obtainable with chemical
(combustion) flames or resistance heater systems; (b) operation in an inert or
reactive environment thus providing complete control of the atmosphere; and
(c) a compact system that can process material in a variety of forms at high
throughput rates and with relatively high electrical and Lhermql efficiency."

With only a few exceptions, thermal plasma melting technology in the

United States is still in the laboratory or pilot-plant stage in comparison to
foreign countries, where a variety of full-scale production systems 'operating

at steady-state process power levels up to about 20 MW are in continuous
operation. Thermal plasma melting and materials processing is an
interdisciplinary technology in transition. New prospects for large-scale
implementation of plasma melting technology by the domestic mining.
mietallurgical, iron and steel, specialty metals, and chemical industries,
appear most promising, based on some of the recent state-of-the-art advances.

There has been considerable interest in extractive metallurgy, as
evidenced by numerous laboratory and pilot-plant-scale studies reported in the ":
literature (extraction of iron, titanium, molybdenum, and ferroalloys).
Recent developments include a plant being built in Sweden (SKF Steel
Engineering AB) for recovering metals from various waste oxides and a&
sponge-iron plant under construction by South Africa's Union Steel Company.
With the exception of the Swedish Plasmbred proce'ss, however, there are as yet
no commercial installations in operation.

Although plasma spraying is already a well-establishedcomerciai process, .

its science base is still in the developmental stage. Plasma spraying is
considered to be one of the prime candidates for producing-
high-temperature-resistant coatings for turbine blades arnd anti-wear and
anti-corrosion coatings, especially for high-temperature applications.

Recent developments in the field of arc plasma spraying, in particular the
introduction of the low-prossure plasma deposition (LPPD) process, or vacuum

plasma spray (VPS), have resulted in a renewed interest in the capabilities of
plasma spraying. In conventional plasma spraying the deposition is carried
out at atmospheric pressure, whereas in LPPD, the process is carried out in a

* ".....* .. o.
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low-pressure environment. In contrast to conventional plasma spraying, LPPD
provides major benefits, such as higher particulaLe velocities, which create

greater than 98 percent dense deposits; broad spray patterns, which produce
large deposit areas; and transferred arc heating of the substrate, which
improves the deposit density and adhesion of the ccoating. These 0
characteristics provide LPPD with the potential of becoming a viable method of .

consolidating powders for high-performance applications. Moreover, the LPPD
process can be automatically regulated CO make controlled deposits on ccaplex
geometries at reasonably high deposition ates (up to 50 kilcgrams per hour).
Although- this process is alreedy widely used, its science base needs to be
developed.

Thermal plasma synthesis is still in its infancy, despite great strides
over the past years, not only in the United States, but also in Europe, in -

Japan, and in the Soviet Union. Fortunately, hardware development is in a %
more advanced state. Due to spin-offs from aerospace programs in the 1960's, -

a wide variety of ac and dc arc gas heaters as well as rf thermal plasma -
generators are available at prese.nt [2].

Two new developments that can be associated with plasma processing are: - - - -

1. New materials and improved processinv routes for conventional
materials; new materials with unusual properties may replace or even . .
surpass conventional materials that arc 'already in or expected to be -.

in short supply.

2. Rapid solidification leading in extreme cases to amorphous netallic
alloys; the high temperatures and Lhe associated extremely high
heating and quench rates feasible in thermal plasma reactors offer -

interesting opportunities for such processes.,

Rapidly quenched atomized powders coupled with traditional powder
metallurgy processing have resulted in components having good high-temperature
perfor-mance; in addition, the capability of generating near-net-shape
components helps conserve the use of scarce raw materials.' These powders can
then be hot-extruded, hot closed-die forged, hoa isostatically pressed, or '
liquid-phase sin-tered into a near net-shape that requires minimal machining,
thus conserving materials.

Because of this potential, there is a strong incentive to produce fine
metal powders and powders of metal compounds (nitrides, carbides, oxides) in
thermal plasmas. A number of research laboratories are actively engaged in :.
this work, and it is anticipated that it may take another 5 to 10 years before,
economically viable plant operation may be accomplished.

Significant progress has been made in the past few years in th, -t of
applying nonequilibrium (cold) plasmas to the processing of materia and
surfates. Depending on the particular application, both noble gas and
molecular gas plasmas are employed in this processing. However, while the
noble gas applications are relatively well understood phenomenologically,
those requiring the use of molecular gases are not. This is due to the fact

S:-./ .--.
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that these gases generally involve various complex chemical reactionb..
Accordingly, the processing of materials and ,surfaces'vis the use of molecular
gases has been and is presently based largely on an empirical or tvial and
error methodology.

In many applications employing noble gases, the plasma serves mainly as a
source of energetic ions that transfer energy from the plasma to a solid
surface by direct impact. Ion impact can produce atom displacement,
rearrangemaent of molecular configurations, and sputtering. Sputtering is the
basis' for sputter etching and sputter deposition, tec'hniques widely e Ylo-red
in the production of microelectronic and optical components, a. well as for
cleaning and coating of surfaces. Sputter deposition is used to produce thin .
films for a variety of applications, ranging from silicon integrated circuits,
optoelectronics, and magnetic recording media to surface protection against
corrosion and wear. The sale of sputtering equipment to this fast-growin"
industry alone is expected to be a $300 million per year business by 1985.

Molecular gas plasmas can produce highly reactive radicals resulting from
electrqn-impact dissociation of par.ent molecules. Reactions between generated
radicals can result in the deposition of thin, films on substrates, a .Process
which is known as plasma enhanced chemical vapor depisition (CVD). Rea-tions
of radicals with substrates can produce surface alterations such as molecular
rearrangement, surface cleaning, surface hardening, etching, and nonvolatile ....
compound formation.

Deposition of both organic and inorganic films is possible. Some

applications are photovoltaics, mic'roelectronics, surface protection, polymer
,membrane formation, and textiles. illustrative examples include the
following:

0 Amorphous silicon films containing large quantities of hydrogen,
which show promise as cost-effective photovoltaics for solar energy
conversion. (This material has immense potential for the manufacture
of inexpensive photovoltaic devices--e.g., solar cells--and could -
lead to a very large industry; apparently numerous Japanese companies .5

have development projects in this area.)

0 Oxides and nitrides of silicon for, use as dielectrics in silicon

integrated circuits and other micro-alectronic devices

* Polymer, membranes for gas separation, water purification and S
biomedical applications

* Thin plasma polymerized films from fluoride and silicon compounds for

waterproofing textiles

Surface alteration by reaction with plasma-generated radicals is the basis' -....

of a growing, number of important applications. 'Relevant reactions are often
strongly influenced by simultaneous impact of the surface by ions, electrons,
or photons from the plasma. While this frequently produces desirable

.synergistic effects, such as enhanced reaction rates, it adds to the overa.l
process complexity and thus makes detailed understanding and characterization
more difficult.

4..............• . .. '• ••........... "-.-... ..- .°.*-- • ..- ° .... . ... ••-•°. •. - • .o. *° .. %..-°
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Some key applications that demonstrate the diversity and usefulness of
* this facet of iionequilibrium plasma technology are the treatment of polymer
* surfaces to promote grafting, improve adhesive characteristics, or alter

wettability, and plasma-assisted etching (dry etching) in the fabrication of
silicon integrated circuits.

The latter application has become an indispennable part of
very-large--scale integrated circuit (VLSIC) fabrication because of the unique
capability to etch high-xesolution, high-aspect-ratio patterns with
micron-size dimension~s. Dry etzhing :anks at or very near the top of the list
'of strategically important applications for nonequilibrium plasmas, since
progress in VLSIC technology will be tightly coupled to progress in the

* development of dry-etching processes.

We expect the number of applications and the use of cold plasmas to
,increase rapidly during the next 10 years. There are many functions that can
be accomplished in a cold plasma environment that would be difficult to
accomplish in other situations. It is our opinion that a sustained research
effort directed toward uinderstandin~g the basic physics and chemistry in
plasma-assisted etching and plasma-enhanced CVD would allow much more rapid
progress in these fields. In particul~r, a large effort is required to
develop diagnostics.

As previously-mentioned, there is a wealth of information available in the
litetature on thermal and nonthermal plasmas. A selected number of pertinent
reterences has been already cited 11-13], including those cbncern-'d with

* plasma diagnostics.

Journals tha't contain papers on plasma processing of ,materials include
Plasma Chemistry and' Plasma Proccessing, Journal of Applied Physics, Journal of
Physics U: Appli.ed Physics, AIChE Journal, Pure and Applied Chemistry,
Journal of Physical Chemistry, Journal of-Chemical Physics, Journal of Polymer

* Science, Journal of Electrochemical Society,. Journal of Vacuum Science and
Techncoloy, Thin Solid Films, Journal of M~aterial Science, Material Science
and Engineering, High Temperature, IEEE Transactions on Plasma Science,
International Journal of Heat and Mass Transfer, and Heat Transfer Joujrnal.
in addition, there are many foreign journals concerned with this subject.

* ~Because of' translation problems, the large amoung of literature from the
Sovii Union has not been covered in this repuirt.

An extensiv~e bibliography on Plasma Chemistry 'and Plasma Processing is,
available. I 't has been-compiled and edited by A. T. Bell and H. Suhr.-through

* the subcommittee on Plasma.Chemi-stry (IUPAC). The main volume contains more
*than 5000 references up to 1971, Supplement I has approximately,1400
*~ rferences from 1971 to 1975, and Supplement It has approximately 1800

reerences 'from 1975,to 1979. (For fur-ther information conitact 'Professor H.
Suhr, Institut fuer orgattische Chemie, Auf der Morgenstelle 18, 7400 Tubingen,
F-dtral Republic of Germany.)

The following recent survey articles are related ti plasma processing of
imaterials:
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Topics in Current Chemistry: Plasma Chemistry I and II. 1980.
New York: Springer-Verlag.

K. U. Maske and J. J. Moore. 1982. The application of plasmas

to high temperature reductio L metallurgy. High Temp. Technol.

i(l):51.

C. W. Chang and J. Szekely. 1982. Plasma applications in

metals processing. J. of Metals 57.

I G.K. Bhat. 1981. Technical and commercial aspect of plasma

heat applications in primary melting, secondary remelting a~d

refining operations. J. Vac. Sci. Technol. 18(3):1293.,

C. Sheer, S. Korman, T. .• Dougherty,'and H. Y. Chen. 1982.

Development and application of the high intensity convective
electric arc. Chem. Eng. Commun. 19:1.

J. Szekely. 1983. Plasma phenomena and plasma metallurgy--an
overview. In Proceedings of the 1983 MRS Annual Meeting.

E. Pfender. 1983. Plasma generation. In Proceedings of the

1983 MRS Annual Meeting.

P. Fauchais. 1983. Plasma diagnostics. In Proceedings of the

1983 MRS Annual Meeting.

M. I. Boulos. 1983. Modeling of plasma processes. In Proceedings
of the 1983 MRS Annual Meeting.

W. C. Roman. 1983. Thermal plasma melting/remelting technology.
In Proceedings of the 1983 MRS Annual Meeting.

D. Apelian. 1983. Rapid solidif cation by plasma deposition.
In Proceedings of the 0983 MRS Aniual Meeting.

J. V. Heberlein. 1983. Research needs in arc technology. In

"Proceedings of the 1983 MRS Annua Meeting.

T. A. Miller. 1981. Novel.techn ques for plasma diagnostics:

Electron, paramagnetic resonance aid laser-induced fluorescence
spectroscopy. Plasma Chem. Plasm Proc. l(0):1.

* S. Gourrier and M. Bacal. 1981. Review of oxide formation in a

plasma. Plasma Chem. Plasma Proc. 1(3):217.

D. L. Flamm. 1981. The design of plasma etchants. Plasma Chem.

Plasma ProL. I(4):317.

J. W. Coburn. 1982. Plasma-4ssi ted etching. Plasma Chem.

Plasma Proc. 2(0):l.

'..
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B. E. Cherrington. 1982. The use of electrostatic probes for
plasma diagnostics--A review. Plasma Chem. Plasma Proc.
2(2):113.

H. Suhr. 1983. Application of nonequilibrium plasmas in organic
chemistry. Plasma Chem. Plasma Proc. 3(1):1.

M. Gazicki and H. Yasuda. 1983. Electrical properties of
plasma-polylderized thin organic films. Plasma Chem. Plasma Proc.
3(3):279.

For the rapid dispersion of research results there are two major
conferences: the International Symposium on Plasma Chemistry and the Gordon
Conference on Plasma Chemistry.

In addition, various other conferences (MRS, ASME Gas Turbine Div., AVS, etc.)
increasingly include special sessions on plasma processing of materials.
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Chapter 3

THERMAL PLASMA MELTING AND REMELTING TECHNOLOGY

As with many other fields of science, thermal plasma melting and
processing technology has experienced some severe oscillations in direction
and emphasis over the past 15 years. The'recent energy crisis has resulted in
renewed emphasis on plasma technology. Long-range projections on coal and
nuclear fuel availability suggest that an "electric e.nergy economy" may be -
part of the solution to the long-term energy problem. As the United States ,
and foreign countries shift more toward electricity as the major energy base,
numerous high-temperature plasma material processing applications will
inevitably result.

In some cases, merely a retrofit of an existing process will take place.
In others, an updated processing system will replace an obsolete system for
generating the same final product at reduced cost and increased efficiency.
Finally, completely new processing systems will be initiated in the future to
provide new materials and products not defined at this time.

The key advantage of thermal plasma techniques as specifically applied to
m elting technology include (1) the ability to achieve a steady-state, uniform
flow of partially ionized gas with bulk gas'temperatures well above those
obtainable with chemical (combustion) flames or resistance heater systems, (2)
operation in an inert or reactive environment, thus providing complete control
of the atmosphere, and (3) a compact, system that can process material in a
variety o'f forms at high throughput rates and with relatively high electrical
and/or thermal efficiency.

Over the past several years, researchers in the field have pioneered the
design-of several novel plasma systems that meet the stringent requirements of
full-scale'industrial applications (including high throughput, reliability,
efficient utilization, and a good return on investment). Much of the material
presented in this chapter has been distilled from the literature, but a --A
significant input has been derived from plant visits throughout the world and
from personal discussions; the information presented here could only have been
gathered by such interact-ions.

19
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FUNDAMENTALS OF PLASMA MELTING TECHNOLOGY

Plasma as a Heat Source

As noted in the intr ,iuctory chapter, the word plasma will refer to that 0
gaseous region of an elf .ric discharge that is characterized by intense
luminosity occurring'sin Itaneously with the presence of electrons, atoms, and
positive and negative ions. In this state the gas, which normally is
nonconductive, will be ia a partiaily ionized state and therefore will display
a significant electrical conductivity. This state of malter can be produced - -

through the action of eicher very high temperatures or high electric fields. 0
In such a plasma discharge, the free electrons gain energy from the applied
electric tield and subsequently lose this energy through collisions or
recombination with neutral gas particles. This process, depending on the gas
composition, can also lead to a variety of new species such as free atoms,
ions, tree radicals, and metastable particles. Table 3-1 shows typical
operating regimes that distinguish the thermal plasma and radio frequency (rf)
discharges from glow-type discharges.

TABLE 3-I Typical Operating Regimes of Discharges

Discharge Type Frequency Power, Q Pressure, P Flow rate, M Gas temp, Tg S

Glow -- <5 kW <100 torr <mg/s < 100 K

RF 1kHz I kW -- 10 torr <50 g/s 1000 --

<40 MHz 1 MW --l atm 10,000 K

Arcs -- i kW -- 100 torr < 500 g/s 3000 --

10 MW -- 40 atm 30,000,K

Figure 3-1 'i,llLstrates several features that distinguish a thermal plasma
arc from other type discharges. In general, the voltage required to sustain
an arc discharge is much lower than for other types of discharges.
Furthermore,,the .potential distribution changes rapidly near the electrodes in . -

the areas referred to as cath-de and anode fall regions. The cathode fall
assumes values of about 10 volts relative to values greater than 100 volts in
glow discharges.. "ihe relatively low electrode fall voltages are attributed to
the efficient electron emission mechanisms at the cathode. Depending on the
energy balance of the arc' column and its len3th, the'total voltage drop may be
relatively high. the specific voltage gradient also depends on the'pressure,
monatomic or diatomic gas type, metal or liquid vapor environment, etc. For
example, a plasma arc column operating in air at atmospheric pressure will .
have a column voltage gradient in the order of 1OV/cm. If external
aerod.ynamic' or magnetic field stabilization is applied to the column, along
with higher-pressure operation, total arc voltages exceeding 9,000 volts can
be reached together with very high column voltage gradients. Another feature

.ot thermal plasmas operating at high-pressures, - I atm, is that a significant
'traction of the total plasma power is dissipated as radiation (normally, in the •
range of 15 to 45 percent).

... . . .. . . . . . .. . -. . .



21

Anode.. Fall N0

S*e Very high temperature electric gaseous
oheating element Tg. TO

*Anode region
Heat f lux, s , 104 kWncm 2,

" !column! OdHeat contet•ls 108 kWcm3 •"

*Positlyn coluinyt raglan
E S-250 wc.rn

S. -1 04 A.cm2

O : cond. Surface heat fluxs 102 kWIcm 2

-------------- Heat contents 10 4 kWlcm3

callo~[:] Fii " ::

Voltage
.- ..- "

FIGU2E 3-1 Thermal plasma arc characteristics.

Depending on the particular application and required performance,
different electrode materials are used. In the few c&ses where electrode
contamination is permitted, graphite or carbon electrodeq are used. Most
applications :equire minimum contamination. In the use ci nonconsumable
electrodes, long lifetime is a. prerequisite that must be ?rovided by
minimizing e'ectrode erosion. The penalty paid in this case is a reduction in
the overall thermal efficiency. Another technique for reducing electrode
erosion is 'using external magnetic and/or aerodynamic fields to rapidly rotate
or move the arc attachment point's on the electrode surface, thus effectively
spreading c:t the heat load. Depending on the application, either cold or
hot-type cathodes are used. Cold cathod.s rely primarily on field emission as
a source of electrons, compared to the thermionic emission provided by the hot
type, The geometry and 'shape of the cathode is an area that has received
considerable investigation and depends strongly on the selected'current
oper ting range. Pin-type cathodes (typically 1-cm-diameter with either a 9
coni al or rounded shape) are ncrmally'used for steady-state operation in the -

103 range. A transition to a button-type'geometry is required when
curr nt levels exceed about 103 A. For current levels higher than about 4 x
103 , a hollow cathode geometry is introduced to provide a larger electrode
surface area for enhanced electron emission distribution. Electrode erosion
and associated contamination is a subject that has plagued researchers for
many years. This s'ituation becomes more aggravated if oxygen, air, or other
reactive gas mixtures are used in the plasma reactor. Inert gas shielding
(e.g., argon shroud) is one technique that has been successfully developed to

sovi this probl~em

.............................................
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The most widely used cathode material is tungsten. Thoriated tungsten or
barium-calcium-aluminate or lanthanum-doped tungsten are also used; the doping
is added to lower the work function. The work function is a measure of the
work in volts necessary to remove a unit charge of electrons from the
surface. In some designs, a hot cathode is concentrically located within a
highly cooled copper well or is cooled by a high-velocity inlet gas flow. The
gas flow technique, if properly applied, also aids in maintaining the
discharge attachment at the central location of the cathode which improves
stability and provides a rotationally symmetric geometry. Hot cathodes are
limited to the low to moderaterpressure regime. In cold cathoda desigas,
copper alloys, including sintered copper-tungsten, have been used. .

Tlh anode, in contrast to the cathode, is subjected to very high fluxes
and consumes a large percentage of the total power in the plasma arc.
Consequently, efficient cooling schemes (water or gas transpiration) are
required if the plasma arc reactor is used as a gas heater; when used in a -

melting or remelting application, the work piece or material to be melted S
normally becomes the anode. In some cases, depending on source configuration,
the polarity is reversed, with the material to be processed becoming the
cachode. In many cf the plasma arc reactors used for melting, an isolated
(electrically floating potential) nozzle assembly or "constrictor" is used to
aid in the arc confinement and stabilization. -

The choice of gas flow patterns (e.g., coaxial, vortex, or combinations
thereof) near the electrodes'and within the plasma arc reactor used for
melting and processing materials is important for providing good stability and
improved lifetime. The coaxial flow scheme is the moat popular, but sometimes
a tangential component (i.e., vortex flow) is also superimposed, particularly
in the high-current-level operating regime. S

Basic Types of Plasma Reactors

Different types of plasma arc reactors are currently in use for materials
processing. These include dc, ac, and rf as the primary power input (see
Table 3-2). The most prevalent type is the constricted do plasma arc •
reactor. Figure 3-2(a) is a simplified sketch of a typical thermal plasma
torch configured in the nontransferred mode. In this mode, an arc is
established between an axial water-cooled pin-type tungsten cathode and an
annular water-cooled copper anode. In' this contiguration, a coaxial, vortex,
or combined coaxial-vortex gas stream is introduced into the chamber; this
flow moves the anode attachment into the constricted region and also provides S
stabilization. This lengthens the arc, raises the voltage, and results in
higher temperatures because of constriction. Centerline temperatures can
range between 8,000 and 30,000 K with corresponding high radial temperature'
gradients. Typical power levels for plasma torches of this type are 75 kW;
the associated thermal efficiencies normally range between 55 and 85 percent.
One or more power supplies may be used to provide superimposed sources. In in

general, the nontransferred mode is' limited in lifetime due to erosion of the
nozzle, especialiy at high currents. Use of a vortex-stabilizing flow can aid
in extending the -lifetime in the nontransferred mode of operation. 'Typical
electrode Lifetime with vortex augmentation is approximately 80 hours. With
proper design and choice of operating parameters, contamination levels in the'
plasma positive column can ba held to about 5 ppm, which is an acceptable
level for most applications.

.. -. -
. . . . . . . . . . . . . . . .. . . . . . . . . . .
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TABLE 3-2 Types of Thermal Plasmas

9 Direct Current
Plasma reactor/torch
"* Nontransferred/transferred mode
" Wall/gas/magnetic stabilized

"* Pin/hollow electrodes
" Fixed/movable electrodes
"• External magnetic field augmentation

* Alternating Current
Plasma furnace
* Single and multi-phase
o, Fixed/movable electrodes
e External magnetic field augmentation

* Radio frequency
Electrodeless reactor
e Inductive coupling
e Capacitive coupling

Considerable development has occurred over the last 10 years in the design

and optimization of plasma sources (specifically dc torches) operating in the
nontransferred mode for specific refractory material spraying, welding, and
cutting operations. The electrode and nozzle size and shape, gas mass flow

rates, gas mixtures, and associated flow patterns are all key parameters for
optimizin, a source for each particular application. Within the last 5 years
there has been about a threefold increase in the number of companies .hat
market and use plasma torches of this type. However, they are relatively
expensive; therefore,'many users custom-build their own units according to

-their particular specifications.

For applications where more power is required to be cotipled into the work
piece (or-metal to be melted), the transferred mode of operation is used, as
shown in Figure.3-2(b). In this case, the work piece normally becomes the
anode, whereas in the nontrapsferred mode shown in Figure 3-2(a), the nozzle
ot the'arc torch becomes the anode. The'transferred mode configuration
permits much longer.plasma arcs, with higher currents achievable'at

significantly higher voltages. This results in more power into the plasma for .
the same current as the nontransferred mode and a more efficient power
deposition into the materials, since the anode attachment and corresponding
heat flux is on the surface of the work piece instead of the anode nozzle with
its associated thermal losses. For applications such as heating and melting,
the transferred mode is more efficient' than the'plasma torch nontransferred
mode. The plasma discharge is also more stable in dc'operation, compared to
pulsed dc or ac. The arc column does not have. to cycle through zero current,
with the asaociated instabilities and significantly higher open-circuit
voltage requirements. The majority of all plasma reactors currently being'
utseo for xIelting and remelting operations operate in the transferred mode;
therefore, this review will emphasize that type.

......... ........ . • ,..... .•., •. .... ...........- S..• ..... ...
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FlGURE 3-2 Examples of dc thermal plasmas: (a) plasma arc jet (torch),0
nontransferred mode; (b) plasma arc transferred mode..

One of the problems associated with the transferred mode of operation is'
ignition. Normally this is accomplished by first starting a pilot discharge,
us-ing a high-frequency starter system between cathode and nozzle and then
transferring the main discharge to the work piece. Mnother technique is to
use an auxiliary starting bat that is inserted between cathode and work piece
and then withdrawn upon discharge ignition.

The ac types of plasma arc reactors make up a separate category (normally
tor gais heater applications). Some of the ac-type reactors operate, in the

'6-zregime.. In this- case, a high frequency Ignition unit is used' to
re-establish the arc after each zero current point. By using water-cooled
coaxial copper electrodes together with external magnetic field. augmentation
for arc attachment spot movement, a wide variety 'of, gases can be heated with
this type of device. Typical efficiencies are 60 percent. Figure 3-3 is an
example of an ac type being d Ieveloped and used in France. In this case, three '

movable electrodes arranged about the central axis with a coaxial sheath gas
are employed. Initially the electrodes. are brought together in the plasma jet'
from an auxiliary dc torch system; this is followed by 3-phase ac arc
ignition. A major disadvantage of this type of system is the relatively high
electrode material loss.

'-7-
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One deviation from the conventional plasma reactor is the so-called
centrifugal furnace. Figure 3-3 illustrates this type reactor. The basic
principle invokes centrifugal force to retain a stable layer on the wall after
the material is melted because of'interaction with the plasma jet(s). Attack
of the furnace container is minimized by maintaining the required temperature
gradient through the ceramic wall. Fusion of ceramics is the principal
application of this type of reactor. Additional variations of 'this
centrifug furnace may include using multiple plasma jets at each end of the
furnace and transferring a long, high-vol-tage, high-power dc or ac discharge
between them. When a tilt mechanism is incorporated, the molten contents can
be poured into molds or quickly quenched to yield powder. ..

Rotation mechanism

340

Auxiliary Exhaust
plasma torch

Ceramic liner.- A W--r"c-"-

chamber

FIGURE 3-3 Example of ac thermal plasma (centrifugal) furnance.

All the thermal plasma reactors described use different forms of
electrodes. Another class, primarily confined to laboratory scale., is the
electrodeless radio frequency (rf) 'lasma. Figure 3-4 is a sketch of the
basic configuration. In this type of reactor the electric power is coupled to
the plasma via rf work coils (for typical operating ranges). In general, the
rf plasma reactor is more expensive than other types, but it does possess the
unique advantage of being able to heat all types of gases (including highly.
reactive and 'corrosive materials) to high temperatures with negligible
contamination. A disadvantage of these devices is the magnetohydrodynamic
problem of having a large frac'tion'of the total gas feed not penetrating the
main core of the plasma where the high-temperature reaction region exists.

In summary, from. the standpoint of commercial applications, the highest
thermal efficiency is required; thus the selection of the transferred mode of
operation with a dc source is favored. When these dc' type devices are
properly designed to incorporate nonconsumable electrodes, relatively long
lifetimes at high power levels are achievable with minimum contamination.

....
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FIGURE 3-4 Example of rf thermal plasma torch.

Adva ntage s

Several key advantages of employing thermal plasma reactors for melting
and materials processing are listed in Table 3-3. Use of a thermal plasma
type of heat source is characterized by a high concentration of energy and ."-
associated high gas temperatures. This results in both high throughput and
melting rates. The flexibility afforded by operation under an inert
environment minimizes contamination of the material to be melted or •
processed. Complete control of the atmosphere is also achievable. Operation
at elevated pressures with an inert gas minimizes the loss of "*"-"""
high-vapor-pressure constituents and also eliminates the need for expensive
vacuum pumping equipment as required with vacuum arc remelt (VAR) and

TABLE 3-3 Major Advantages of Thermal Plasma Melting Techniques

0 Steady-state uniform flow of very high temperature gas

0 Complete control of atmosphere (inert or reactive)

* Minimum contamination and loss of volatile constituents --

* Capability to process different forms.'of material

* Compact system with high thrbughput rates

* High thermal/electrical efficiency

* . *..*. . . .

-°
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electron beam (EB) melting systems. With this type of heat source, material

me.ting rate and heat addition (superheat) to the molten pool are independent

of the electrode feed rate, as compared to VAR systems. By employing

ninconsumable electrodes, negligible contamination is achievable. Remelting -

under a reactive gas environment permits insitu'chemical treatment. Use of dc

plasma reactors resu)cs in considerably reduced voltage fluctuation compared
to competing syst~ems. The option also exists for refining operations using
slags and direct alloying, as in the case of nitrogen injection. Other
features include the ability to achieve dense ingots during primary Miting
that are free of shrinkage voids; in addition, the surface finip-! is good.

Features ot the plasma arc type of remelting system.i compared with other'

remelting processes are listed in Tables 3-4 and 3-!).

TABLE 3-4 Comparison of Consudable Electrode RemelLing Processes -- --

Features Vacuum arc remelt Electroslag remelt

Atmosphere Vacuum Air, Ar, 1 atm
Power ,rs melt rate Dependent Dependent
bolidification Difficult Difficult 0

control
Refining by slag No Yes
Degas (H, N) Slight No
Deoxidat ion High Moderate

Progressive Good Good
Eo lidif ication

TABLE 3-5 Comparison of Nonconsumable Electrode Remelting Processes - 0

Fe.ituret Electron beam remelt Plasma arc remelt

Armot-phere High vacuum Ar, H2, low/high P
Pow.r vs melt rate Independent Independent '
Colidification Possible Yes

contro,.
Refining by slag No Yes
D.3as (H, N) High Slight
Deoxidation High High
?rogressive Good Very good

solidification

.- .-.-..-..- ,

. .. .... •....... ... , .,., . ....... .:...... .',*.*.~.,-*.....:...•,' -.......... .....-.-. ,.. .... ""':
*. . . . . .. . . . .. . .
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EXAMPLES OF PLASMA MELTING REACTORS

To da.i ery few of the wide variety of plasma devices, includling the

types descr'hed here, have been developed for production-scale operation.
This is.especially true in the United States, where industries that could have
taken aovantage of the plasma processing system have failed to do so. As of
1983, the. United States is definitely behind foreign countries (specifically .-
the Soviet Union, u'erman Democratic Republic, and Japan) in established

commercial-scale plasma processing reactor systems for melting of materials.
Those devices and associated processes that have achieved commercia!ization ._
dre operated in a proprietary manner. Little or no information on the devices

and their operating characteristics is reported in the open literature. In

the following, a briet description is given of several selected examples of
these devices where information is available.

United States

Furnaces

one of the first thermal plasma reactors used to melt steel was the Linde
Corporation reactor (Figure 3-5), introduced almost 20 years ago [i]. The dc

plasma source was operated in the transferred mode under an inert argon
environment. Lae operating voltage was relatively law (less than 100 V);'the .
dc plasma source was mounted centrally within the -op of the reactor. The
plasma arc operated in a stable mode that was due to a combination of -low flow

rates and a relatively short plasma positive column (approximately 0.1 m).
The bottom electrode was water-cooled copper, electrically tonnected to the
molten poo. of material to be processed. Over 100 hours of operation was -

reported _a' current levels exceeding i03 A. Other features included a -

magnetic coil connected in series with t0e discharge for stirring the molten

- as Intel

Waler tooling

spout
cap

FIGURE 3-5 Schematic' of Linde Plasinar4 furnace.......................

- -° . . . . -. -.. '
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pool. The' Linde results, including scale-up from 1 toiC tons, indicated that
high-quality steel could be produced relative to that obtained by vacuum
melting technology. Rapid wear of the bottom electrode, water leakage from
the plasma source unit, and high erosion of the refractory lining caused by
the abrasive action of the magnetically mixed molten material were identified
as potential problem areas.

"- .Bethlehem Steel Company was a pioneer in demonstrating the advantages of
thermal plasma reactor procescing for commercial-scale ore reduction.
Bethlehem has a patent [2) for a falling-film plasma reactor that uses a
high-power plasma arc (2,000 V, 500 A) to neat feedstock that melts down a
vertically oriented hollow electrode. Being in the current-carrying path of,
the plastua, the liquid film is subjected to ohmic heating, along with
"convection ant radiation heating. 1'igure 3-6 is a schematic of this type of
iurn&ce.. The plasma arc-is stabilized by a vortex gas flow between a tungsten
cathode and a cylindrical water-cooled copper anode'.. Iron oxide fines ar'e
pneumatically transported to the anode section; the ore fines melt ou contact
with the hot plasma'gas and form a falling liquid film in the hollow anode
section. Metallurgical reduction processes are reported to take place within
the falling film. The main advantage of the process is claimed to be the
relatively long residence times obtainable, thus giving resuitant high yields
via improved heat transfer and direct contact of the oxide and reducrant

Smaterial required for the reaction. The falling-film residence time is
controlled'by varying the plasma gas feed rate, ore feed rate, plasma power
level, and feedstock content. In addition, the film serves'to thermally
insulate the anode, since a solid layer is formed on the cooled surface of the

anode, which helps in reducing electrode erosion.

cathode

secondarydcgo 
In~le

+ IFI~9Ir Anodeb/

FIGURE 3-6 Bethlehem Steel Company falling-film reactor.

The falling-film plasma furnace was originally developed for iron oxide
and later for vanadium oxide processing. The preliminary experiments on the
direct plasma reduction of iron oxide were conducted-st pcwer levels of about

"4•
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100 kW; favorable results led to a scale-up in power to the 1 MW range (2,00
V, 500 A). A mixture of methane aud hydrogen was used for both the primary
plasma gas and the redýucing species. No slagging additions were necessary to
maintain good flowability. In the large furnace the lowest specific energy
consumption reported was about 2.6 kWh per kilogram of iron; this is
approximately 15 percent greater than the theoretical specific energy
requirement.

The specific power consumption decreases with smaller sizes of feedstock
material, higher reactant/plasma gas ratios, higher throughput rates, and
lower gas enthalpy. It should also be noted that at the reference lower
specific energy consumption level, the electrical energy consumption of the
falling-film dc plasma reactor is approximately equal to the total energy
equivalent input of conventional steelmaking. Full-scale commercial
steelmaking would require plasma reactors of about 500 WA. This represents a
significant scaling above the 1 MW level and would probably require a

A configuration involving multiple plasma sources. Alternately, plasma arc
steady-state currents exceeding 25,000 A would. be necessary in large-scale,
source units; this is beyond the present state of the art. Therefore, based
strictly on energy requirements, the plasma reactor technique does not excel
over conventional steelmaking. This led to Bethlehem's discontinuing its
effort in this area of direct iron ore reduction. One field that does look ?

9 promising for this type of reactor is the so-called'mini-sceel-plant
application.

Emphasis was then shifted to use of this type of falling-film plasma

reactor for the reduction of vanadium ore concentrates into ferrovanadium and
vanadium metal. To ?roduce ferrovanadium, a variation of this type of reactor
was developed at the 0.5 MW power level that operated at a higher enthalpy.
"This was dictated by the higher temperatures required in the production of
ferrovanadium. Ferrovanadium (48 to 55 percent V), using coke fines as a
reducing agent, was produced at a specific energy requirement of about 3.6 kWh
per kilogram; this reactor was reported to demonstrate the commercial-scale
production of 570 tons per year. With a further reduction in specific energy

* requirement projected for larger scale units, residence times of up to 2
minutes were achievable in the electrode region. However, it was not.
conclusively verified that a significant fraction of the conversion takes
place in the falling film, compared to the molten melt/hot crucible region.
"As of now, Bethlehem Steel Company has limited development work in the
ferrovanadium field. It reduced its activity in tool steel manufacturing

* about 3 years ago, primarily because fcrrovancdium is readily and economically
.available on the open market.

. Only a few other U.S.,companies use thermal ?lasma reactors on a

. commercial scale. These are Associated Minerals -Consolidated (AMC), foimerly
* TAYA/IONARC, Plasma Materials Incorporated (PMi), and Plasma Energy

Corporation (FEC). The AMC.reactor is used, in processing zircon via a carbon
electrode scheme [33. ?'MI employs a nitrogen dc plasma source to spheroidize
"particles of magnetic iron oxide used in photocopy machines with a magnetic
brush developer system (4]. A sketch of the basic PZC plasma furnace is shown

*.in Figure 3-7. This type of system is being used for scrap melting,
" electronic scrap processing, and cement production [51. Typical power range
* of this transferred-arc-mode system is 150 to 300 kW.

.C

[
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FIGURE 3-7 P.E.C. plasma furnace.

Agglcomerators

£he Frankel Company (Compton, California) is the only facility in the
United States that ubes a thermal plasma reactor for agglomerating (i.e.,
partially melting) titanium scrap, virgin sponge, and, master melt alloys into
porous bulk-weldable electrodes (approximately 5--ton ingots) that are used in,
secondary VAR p:ocessing. Figure 3-8 is a sketch of the Frankel thermal
plasma, agglomerating reactor 16). The -ingle dc plasma source (modified
Linde/Schlienger design) is vertically oriented within a large'(2-m-diameter)
steel tank. Inside the tank is loca~ed a full-length track on which A mold
trolley traverses' . The main components of this system are an approximately
1-MW dc thermal plasma source; a rectifier-type power supply; a charging
hopper/chamber system;.a vacuum system; a closed-lo'p water cooling

sytm;an argon gas supply; and ma~ster control stations (one for material
conzrol, *one tor plasma source control). The' relatively low.-voltage plasma
source ('approximately 200 V) operates in the transie~rred mode on argon gas
*with coaxial plus swirl flow for aerodynamic arc spot movement. The source
uses water-cooled copper for the electrode. With this type of design,
litetimes of greater than 100 hours are achievable.

A unit of this size can process about 0.5 tons per hour. A batch-loading
procedure it used; therefore, for a complete ingot, the reactor must receive
multiple-charges. After initial chamber pump-down to vacuum conditions, the
plasma melting operation takes place at slightly above I atm. -At half maximum
power operation (500 kW), approximately 0.01 m-'/sof argon gas is consumed.
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FIGUREi 3-8 Schemaitic of Frankel ptasma melt facility for titanium electrode
aggl omer aition and fabrication." 

"
Before each melting operation, the mold trolley assembly (water-cooled
rectangular split halves) is preset for the diameter of the electrode desired"'-"(typically 0.5 in). A 5-ton electrode requires a total of about 1"• hours of .processing time. Following electrode fabrication, the material is shipped to --VAR melters tar subsequent homogeneity and chemistry adjustment, according to-"
specifications and final product use. 

-''
Note that this type, of plasma scrap alloy agglomeration process relies on""

proper scrap treatment and classification prior to the actual melting step. .No provision is made for the remooval of deleterious inclusions. No details •,..are available as to specific power requirements, overall system efficiency, or -:i
utilization 

factors.,

Foreign 

6' .

Ism

Furnaces 
'- --A wide variety oi reactor designs for the melting of metals have beenreported in the foreign literature over the past 0 years. The' followingdrscussion highlights some of the features and itatrus. " t-'re s

The central research laboratory of DidoStee Conpany Ltd. (Nagoya, of
Japan) has been very active over tha past 10 yar in developint placc a arc toarenelting techniquei applicable to steels, ouperalloys, and nonfserrous "fic

u z n t
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metals. Their initial R&D started with several 50 kW plasma arc furnaces and
has steadily progressed up to the megawatt range for plasma progressive
casting (PPC), plasma skull casting, and oxide reduction using a hollow
cathode plasma furnace.

Recent emphasis has been placed on the plasma induction furnace (PIF)
system [7]. This integrated thermal plasma technique provides both a.-
protective inert argon atmOsphere over the molten pool and the supplemental
power required for keeping the thin layer of slag molten. A 0.5-ton and
2.0-ton unit are in operation; the former is a pilot-plant reactor for
developmental work and the latter an industrial production facility. Figure S
3-9 shows the basic reactor; it is a good example of the progress and status
in melting technology that has occurred within a period of about 5 years. Aa
a result, Daido's production rates have increased from 200 tons per year to
6,000 cons per year. A large fraction of the total increase in capacity has
gone into copper and manganese alloys and the nickel-base alloys. Daido has
recently wade the transition, to a 5 ton reactor. Table 3-6 compares the 0
standard vacuum induction furnace (VIF) and the PIF system. The major
advantages i'aclude the use of greater than 50 percent scrap; the capability of
melting a wide range of alloys such as copper and manganese; a high level of
cleanliness; low meltiag costs; and very high melting yield. High yields of
all alloy additives have been obtained. The main disadvantage is the useof
relatively high flow rates of argon gas. For reference, the Daido 2-ton PIF .
system operates at a total power of I MW (600 kW induction, 400 kW plasma) and
employs an additional 200 kW for induction stirring. Nominal melting capacity
is 220 tons per month; melting time is about 3 hours (additional I hour for
refining), and the measured power consumption is l03 to .1.3 x 103 kWh/ton.

, Sl

Part

, FGURk 3-9 Daido Steel Company plasma induction furnace. ,
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TABLE'3-6 Comparison of VIF and PIF Systems

Characteristic VIF PIF

Volatilization High Low
Mechanical property Good Good
Workability Excellent Good
Yield (melting) percent 98 98.9

Product yield (total) 75 85
Melting cost (index) 100 59,
Oxygen 5-15 ppm 8-25 ppm
Nitrogen 10-30 ppm lO-50 ppm
Hydrogen 1 ppm 2-5 ppm
Desulfurization 10 percent 50-85 percent
Decarburization 90 percent 70 percent C

Two areas receiving continued research and development at Daido are

closed-loop recycling systems for the relatively expensive argon gas and new

techniques for inducing molten pool stirring. One technique involves-using
different coil windings and a polarity shift; thus a dual vortex type'of
mixing pattern is obtained, with the molten material-rising at the crucible
boundary at one polarity and falling during the other. The slag thickness in
this type of system is nominally about 10 cm.

When the PIF is used for high-chromium alloys, a hollow cathode
configuration is employed. Comprised of a series ol concentric tubes, the
central bore transports the material to be processed via an oxygen carrier.
Surrounding the inner nozzle is a hollow cathode assembly and two concentric
annuli for argon injection. A water-cooled outer shroud surrounds the entire
cathode. In general, the Daido PIF system has provided good slag refining
capability and relatively high overall recovery of primary species and added
alloys. The final product quality when processed via the PIF is about

equivalent to the VIF in the majority of commerqial applications..

klasma primary melting reactors using a plurality of sources projecting

through the sidewalls have been commercialized •.: the German Democratic
Republic. The original reactors consisted of approximately 5-ton units with a
single plasma source (transferred mode) located .i the roof; maximum operating
currents were 6,000 A using a tungaten alloy disc-shaped cathode. The
alloying, elements uced are either lanthanum, thorium, or yttrium, which 'aid in
reducing the thermionic -work function. This permits sustained operation at
the high currents and relatively low voltages (less than 500 V) by providing a
relatively low arc cathode attachment temperature. Figure'3-10 is a schematic
of a reference plasma melting reactor. Both 10-ton and 30-ton melting
capacity units are in operation at the VEB Edelstahlwerks at Freital [)].

They are used in continuous operation for melting iron and nickel base alloys,
stainless steels, and high alloy tool steels under an inert argon
environment. The stainless steel melting is conducted both with-and without
nitrogen addition. The walls and roof are lined with bricks of

- ... . .. . . . . .
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FIGURE 3-10 German Demiocratic Republic plasma furnace.

chrome-magnesite; the bottom section is lined with rammed chrome-magnesite
refractory. Due to the high heat loads, several sections of the reactor
incorporate water-cooled assemblies I:o provide long lifetime with minimum ,
erosion. The number of high current (approximately 6,000 A) dc plasma sources
used (nominally 3 to 6 independent units) depends on the reactor size and -.. *.-.

processing requirement. Depending on the number of sources used and the exact
configuration, proper adjustment of the gas flow is required to counterbalance
the electromagnetic' forces between each plasma source positive column. The -

current level, column length, and separatio'% distance are critical parameters ,
that must be properly adjusted to obtain stable operation. Instabilities have'
been observed at low gas flows and relatively short positive columns.
Resistance heating levels of the tungsten alloy cathode appear to be the
dominant factor in influencing electrode lifetime. As in many other plasma
cathode electrode configurations, the degree of cooling applied to the cathode
is most critical in ensuring a long lifetime.

Additional'details on the 10- and'30-ton plasma reactors are given in
Table 3-7. It should be noted that the 30-ton unit's specific energy
consumption is equivalent to updated electric arc furnaces. The efficiency
increases with the size of the furnace and power input (e.g., 5- on furnace
•600 to 800 kWh/ton'vs. 30-ton furnace, 500 to 550,kWh/ton). The e large
plasma reactors 'have additional advantages over hi.gh power elect ic arc
furnaces. These include reduced melting times attributed to hig, er heat
transfe" rates; reduced melt contamination from carbon electrode ; very low
residual oxygen and hydrogen levels; smoother power loading (no licker or
surges); 'high alloying species retention due to more controlled leat input and
argon atmosphere; reduced total iron losses (less than 2 percent due to inert
.atmospheric environment; reduced carburization from graphite ele trodes as
used in-conventional arc furnaces; potential for insitu nitrogen gas phase
alloying; and significantly reduced noise level.

0_AL
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TABLE 3-7 Comparison of Small-Scale and Large-Scale German Democratic
Republic Plasma Furnaces

Characteristic Type P15 Type P35

Design capacity (tons) 15 (nominal 10 tons) 35 (nominal 30 tons)

Voltage (Vol'ts) 700 700

Power (kW) (0.96 power factor) 10 20
Meltdown rate (tons per hour) 9 20
Specific .energy consumption 600 nominal 500 nominal.

(kWh per ton) (equivalent to conven-
tional arc melting
process)

Argon gas flow (m 3 per hour) 18 45

0

Related activity with this type of refractory-lined plasma melting reactor

is also in progress in the Soviet Union [9]. In these units a typical

lifetime of the roof refractory lining is about 70 heats; approximately twice

this number of heats is achievable~for the wall surface lining. The main

"cause of the refractory degradation is attributed to thermal loading from the

radiation emitted from the plasma source.

Significant developments of large-scale thermal plasma reactors and

high-power (megawatts) plasma sources are also evident at Acurex,
Aerospatiale, ASEA, HUls, MINTEK, Ontario-Hydro, SKF, and' Westinghouse. --

Details of some of these activities were reported at the 6th International

Symposium on Plasma Chemistry, Quebec, Canada, July 1983.

Different plasma melting reactor schemes have been devised to erhance the

residence times between the injected mnaterial and the plasma 3..urce. As an

example, Foster Wheeler/Tecronics uses a precessing plasma source technique
wherein the source is located vertically cver a molter. pool and the plasma

positive column is moved in the transferred mode via precession of the source

at , 6out 30 rps [10]. An external motor drive attached to the source

con •cted to the roof of the chamber with a ball seal permits the prescribed

moti)n while providing a seal .for inert gas operation.

jI'igure 3-11 is a sketch of the basic configuration. The anode attachment S

can be either to a circular water-cooled electrode located at the periphery of

the ::hamber or directly to the surface of the molten material. This concept
is employed as a means of increasing the dwell time between the material being

introduced, via the feeding system and the plasma heat zone. rhis type of
furnace has been operated at power levels from 0.2 to 1.4 MW in various

extraictive meLallurgy applications. These include thermal treatment of sand •

to ýi..,ilitate direct leaching of silica from zirconia, reduction of magnetic

concentrates to iron using powdered coke as reductant, and concentration of
low-grale ilmenite ores., Additional applications include spheroidization of

nickel and iron powder'(approximately 5 pm !iize) and removing copper from

copper-bearing minerals.

.0

...........................................................
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.FIGURE 3-11. Foster-Wheeler/Tetronics plasma reactor.

The use of a closed-hearth-type extended carbon electrode plasma furnace
for the reduction of many types of oxide ore'fines has been developed in
Canada [Ill. Figure 3-12 illustrates the so-called extended arc flash
reactor. The hearth is formed within a magnesia refractory lining. Three
hollow graphite electrodes at 120 degree spacing supply the 3-phase power; gas
(argon, nitrogen, or hydrogen) injection is through che hollow electrode,
thereby achieving-a relatively stable discharge. Pulverized oxide materials
are fed into the top of the fla3h column of the furnace by~a rotary feeder.
As the fines drop through the rising hot gas stream into the zone of the
diffuse plasma, considerable preheating and prereduction occurs. Metals and

_slag resulting from the reduction of , the ores collect in the hearth and are
heated by radiation and convection from the plasma arcs. Batches of the metal
and slag can be-periodically tapped from the hearth into molds. This type of
device could also-be used for the reduction of various types of steel plant
waste oxides (e.g., those froia bas. oxygen furnaces, blast furnaces, arc
furnaces, And vacuum oxygen -'.carburization processes) to produce iron and
salable slags. Other potenti l particulate charges that could be treated
include steel mill dust, flue dust, mill scale, fly ash, and iron ore fines.
Reducing agents suchdas low-grade coal', anthracite, coke, or sawdust could be
mixed with the particulate charge. High-carbon ferrochromium has been
produced by reduction of low-grade chromite ores with a variety of reducing
agents in this type of furnace. The product was a high-carbon ferrochromium
(6.5 <C o 8. apercent) cont-ining high levels of silicon and low'sulfur and

V *.~,.*. * . . . . . . . . . . . .
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FIGURE 3-12 Extended plasma arc flash reactor.

phosphorous concentrations (1.8 < Si < i5.5 percent, 0.007._. S 0.01 percent,
0.005 < P -<0.064' percent). Mixtures of argon, nitrogen, and hydrogen were,
used to stabilize the plasma; graphite or coke fines were the reducing
agents. Metal recoveries between approximately 85 and 95 percent were
achieved at energy requirements.of about 13.2 kWh per kilogram.

Cold Crucible and Other Casting Systems

Different types of consumable and nonconsumable electrode designs are in
use. The consumable-type systems are primarily employed in the melting and
remelting of bulk-weldable electrodes and in the steel industry. The
nonconsumable types are used' primarily for scrap reclamation and = .
consolidation. The most recent advances have been made with 'cold crucible
nonconsumable electrodes coupled with continuous ingot withdrawal.,
Consumable-type systems are in commercial use in the Soviet Union for the
production of nitrogen alloyed steels [9]. Figure 3-13 shows a design
employing a hollow cathode [12]. The hollow cathode serves as a collimator -

and consumable nozzle to obtain a longer discharge with associated higher
'voltage levels. In contrast co typical VAR reactors with large shrinkage
cavities, thi's design includes provision for an on-axis plasma source for hot
topping.

Figure 3-14 shows another type of consumable electrode-plasma melting

reactor that is in use in the Soviet Union (121. In this system, a plurality_
of plasma sources are located in the sidewalls and are used to continuously
melt a large consumable electrode that is rotationally indexed downward toward
the mold assembly. Relatively short gaps arc used in this geometry, with the.
plasma sources directed at the central region of the molten pool so that
radiant energy from the superheated ,pool 3urface enhances electrode melting.

S,........ . . . . .., ..
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Use of a cold mold and controlled plasma heating assists in achieving the

shallow melt profiles in this 'configuration that are conducive to good

workability because of unidirectionaligrain solidification.

The nonconsumable plasma melting reactor with cold crucible and continuous S

ingot withdrawal has been developed primarily for scrap (solids, turnings,
powder) consolidation into ingot material and subsequently into final working
billet form via severai VAR operations. Figure .3-15 shows the Daido plasma *2-

progressive casting (PPC) reactor with a single thermal plasma source [7]. In
this single source configuration, the power level is about 0.1 MW and a
12-cm-diameter mold is used for continuous bottom withdrawal. Because of the 0

strong affinity of titanium for oxygen and 'nitrogen, water-cooled copper molds

with the plasm operating under approximately 1 atm of inert environment
(argon) are employed. This sy-Lem is used in the development of continuous

ingot withdrawal technology.usinp titanium sponge, scrap, commercially pure,

and various alloy combinations thereof. The ingots produced are subsequently
used as electrodes for follow-up VAR operations.

Electrode
positioning H 20 Hopr
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SPlasmasource""

Meltingg
chamber

PotH 2 0

Ingot ~ - Copper clrcibl"o

Ingot

Ingot,
cooling
chamber

SWithdrawal
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FIGORE 3-15 Daido plasma progressive casting furnance.

Figure 3-16 ,shows the basic plasma skull casting reactor (multiple plasma,

sources) that has been under development over the -past 5 years (7]. This .

reactor is primarily used for producing castings of reactive metals and

alloys. During the past year, Daido reconstructed the plasma skull casting
reactor to be used also as a PPC reactor. Most recently, emphasis has been

placed on trial production of various materials, 'including titanium alloys,
with both processes. Several different multiple-plasma-source configurations
are being investigated, but details are not available.

, . °

. . . . . . . . .. . . . . . . . . . . . . .. _.
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FLGURE 3-16 Daido multiple-plasma-source reactor for skull casting.

As an example of a state-of-the-art continuous casting system, some •:.:.-.
additional details on the basic operation are given here. The init ial step....
consists of loading the material ir~o the hopper. A combination rotary and ,'---
mechanical booster pump evacuates the reactor to approximately 10-3 torr •:''''
pressure. The reactor is then backfilled with argon to 1 atm pressure. A
high-frequency starter, in conjunction with an ignition starter bar system is
used to nitiate the ,plasma source. Removal of the starter bar while

increasing the plasma current and argon gas flow rate transfers the positivre -"-"-'column and anode attachment to the ingot. This part of the process is fully
automated. The sources and ingot or crucible system remain stationary. A

television camera system is used for continuous viewing of the molten poOl and
plasma column. Stirring, t o induce homogeneity, occurs via use of a dl field p

cos integral wfith the moad assembly. taido claims several unique " and
characteristics of this type of reactor relative to vacuum arc or

electron-beam systems, including operation in a i-atm ioert (argon) is
environment with negligible vaporization losses of the alloying element th eposit

auoatd Th souce and ingo or crc, ytm*eansainr. A"-

negligible loss due, tc molten pool splash by using nonconsumable
loag-lifetime type of electrode system, use of a wide variety of scrap types
and forms as the melting material, and achievement of a significant degree of

superheat to the molten metal, thus leading to simplified production of ,'-'-.''
thin-wall castings. Some recent testing is beinv directed to the production
oe reactive (and brittle) intermetallic compounds that hal i application for.
hydrogen storage. Normally the ingoa serves as the anode (grounded side of

power supply) when multiple plasma sources are used. The cathode is compozed o

.................. .........

o- . .. . .. .
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of a conically-tipped thoriated tungsten (approximately 2 percent Th ,.
The exact geometry used, argon sheath injector design, cathode tip shape, and
degree of water cooling are important parameters in providing a stable,
uncontaminating, long-lifetime plasma source. Cathode tip lifetime is
reported to be 300 to, 1,000 hours. Daido designs, manufactures, and markets a
wide variety of these plasma sources ranging in power leve' 'rom 30 kW to 1.2
MW. These units are designed for steady-state operation in
transferred-type mode. Use of three plasma sources arranged r.dial ly
(120-degree spacing) provides a uniform melt zone. In addition to introducing -'--
pool stirring, the application of external magnetic fields also serves to
deflect the positive columns to new locations on the pool surface and'thus
aids in providing a uniform surface temperature at selected levels of
superheat.

Most of the products fabricated using the Daido plasma reactor are for
chemical, petrochemical, c'id nuclear applications. Fabrication of
nonaerospace ingot material has been demonstrated; qualification and
certification is pending,

To provide' a comparison with Daido's PPC system, some details of a

competing plasma beam system operated by Nippon Stainless Steel, Ltd. for
melting titanitm sponge and other alloys are provided here [131. Nippon
produces stainless steel and titanium nheet, plates, strips, bars, wires, and
castings. Figure 3-17 shows the vacuum plasma beam furnace initially
installed 10 years ago in collaboration with Ulvac as a means of increasing -.

the smelting capacity of titanium and its alloys with the support of Sumitomo .'-.'-

Metal Industries Company Ltd. The titanium product size limitations are
nominally I-m-diameter ingots. Five years ago Nippon received certification
of the material for pressure vessel applications. Most of the product is used

Fz • ainfl vav ' .. ...
Diagnostic ViraorPrbuecket -r
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FIGURE 3-17 Nippon 2.4- plasma beam furnace for titanium slab ingot
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in reactors, reformers, and heat exchangers. Nippon reports'a production rate
of approxirnately 103 tons per year' as of 1982. To date, Nippon has produced
over 5 x iO3 tons of commercial slab ingots with the plasma beam system.

The 2.4-MW system shown by the sketch in Figure 3-17 has been developed to

provide a direct conversion of titanium sponge into production-size slab
ingots (0.75 to 3.5 tons), thus eliminating the preparation steps of primary
and secondary electrodes and the secondary ruelting step as used in the
standard vacuum. arc melting process. The heart of t.ie system is the six
plasma guns (400 kW each); these are of the hot hollow cathode discharge type
(as discussed earlier). The cathode material is tantalum. Nippon uses a
rectangular water-cooled stationary mold and hearth. A vibration-type feed
system is located within the large vacuum chamber (approximately 9-m high). A
pivoting bucket system is used to intermittently charge the hearth and mold,

in turn. The large plasma beam sources are scanned to eliminate localized
superheat. An external magnetic field coil is used to focus the array of
plasma beams; plasma beam distances are approximately i m. Typical operating
conditions ire 100 V and 3500 A; a relatively narrow stability corridor exists
with this type of system. During actual melting, a large pumping syntem is
required to maintain steady-state operating pressures of 10-3 to 10-L

torr. High-purity argon gas is required. The polarity selected is such that
the lab is the anode. Typical slab withdrawal rate is about 0.6 cm per
minute, translating to about 0.4 tons per hour for titanium slab ingqts.
Nippon indicates that close control of tha plasma and melting parameters are
critical to obtain dense, low-impurity slabs with good surface finish. It is
during the completely molten phase of the melting operation at low pressures
that element impurities such as magnesium, chlorine and hydrogen are reduced.
Overall results indicate that the one-step conversion of titanium sponge to,
slab is comparable to vacuum arc -.juble melting. In general, the "as cast"
ingot consists of large columnar crystals at the extreme top portion (a
shrinkage cavity is present if a hot-topping procedure is eliminated). Up to
100 percent scrap dosages have been processed, but a 40 percent dosage of
scrap is nominal. No results have been reported regarding titanium alloy
melting and processing conditions, but future plans include alloy processing.

Nuclear Waste Processing

The Daido Takakura works uses a modified thermal plasma system for

reprocessing nuclear wastes. Six Lrge power companies have been involved for
several years in cosponsorship of this development program. The main
objective is the volume reduction (approximately an order of magnitude) and
stabilization of the noncombustzble solid wastes geverated at the various
nuclear power plants. Figure 3-18 shows the basic thermal plasma melting
furnace and solidification chambers 171. The processing capacity of the
developmental reactor is about 200 tons per year using a total plasma power of
310 kW. The entire systeu' is located within a 10-m x 15-m x 15-m-tall
building. In the solidification chamber three types of forms are being
generated: 0.3-m cubic blocks, shot (0.1-cm to 0.7-cm-diameter), and direct
solidification into a 3torage can. The thermal plasma characteristics of
high-temperature, long-run-time stable operation at atmospheric pressure and
nonconsumability of the tungsten electrode have provided relatively easy and
complete melting of all metals (including those with high melting points),

''U .. ,'
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FIGURE 3-18 Daido Steel Company 2lasma reactor for nuclear waste
consolidation.

* norganic materials (glass, asbestos, concrete, etc.), and organic, materials
(cubber, vinyl, etc.). The overlying advantage of using the thermal plasma
for this type of melting and consolidation process is the independent control
of the primary'-heat source relative to other systems. A separate 80-kW plasma
source is used in conjunction with a wacer-cooled hearth system to allow
continiuou pouring of the molten waste. T heiput nuclear waste material is

I il Thelin

contained with3in sealed 50 liter drums that enter a vertical feed chute
through an airtight valve sysLtm. During steady-state operation, the waste

. 'ngas generating rate is comparable to that from the array of plasma sources and
within thie limits where standA~rd',off-gas exhaust treatment can be employed.
"Fines" generation is typically lets than 1 percent of the total waste. The
.raximum melting capacity is 4 tons per day.r Nono~rystal Growing Systems

in t.ie area of thermal plasma reactors for melting and other special

• -- soThe Soviset Uin onntonha a coninuous wane-od inensive devtelometoalefort

"applications. Included is the production of large monocrystals of refractory
Scmetals, directionally solidifiedreuectic alloys, and high-melting-point

carbides. The primary effort in this area, in progress throughout the past 7
years, is being conrticted at the Baikov Institute 114. A asketch of the basic

- 'napparatus is shown in Figure 3-19. Commercial applications of this type of
"system have been activated throughout the Soviet Ufthioo ws
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The basic operation of the system shown in Figure 3-19 begins with fusing
the end of a seed crystal using the plasma source itself. The molten
materials are supplied by plasma melting of corresponding alloy metal
(compacted or hot isostatically pressed) from small-diameter (typically less
than 1 cm) feedstock. Continuous withdrawal of the ingot is conducted
simultaneously with the solidification of the melted material on the top of
the crystal. The gas composition consists of argon-helium and argon-hydrogen
mixtures; the hydrogen constituent is used in the refining step. In lieu of
feeding a consumable electrode in this process, pulyerized chips or powder can
also be used as the metallic charge in this monocrystal growing of refractory
metals. Reported results reveal that relatively large-diameter circular and
rectangular monocrystal ingots of tungsten have been produced possessing
excellent physical propertie3, especially the property of ductility at normal
temperatures. As an'example, tungsten monocrystal slabs were rolled into
plates at temperatures 1000 K lower than those required for
powder-metallurgy-type hot-worked and rolled ingots. Monocrystal ingots of
TiC, HfC, and NbC have been produced via the thermal plasma systems when gases
such as C44and C02 , to react insitu with the melt, are employed as the
source of the carbon for these high-melting-point carbides. The distinct
"advantages of this thermal plasma approach over other competing systems such
"as electron beam and vacuum arc reside in its compact simple design coupled
-oith its energy-efficient, simplified mode of control and operation with a
wide variety of gases.

Gas ffm

torch

Baa. -

* elactrode

FlGUJRE 3-i9 Soviet plasma reactor used in monocrystal growing.



. . : . ,. . i , . - , . -, , ° -•- , - - - •-.- - . - . - *- .. . - - - - - . - _ . .

C
46

Plasma Surface Treatment Systems

Before the hot and cold working and machining steps to billets and ingots

as prepared by different primary and secondary operations, surface preparation
and treatment are required. This operation is needed to repair surface

cracks,, protuberances, and other blemishes (e.g., arc material- splatter from
VAR processing of bulk weldable electrodes) that have occurred in the prior
processing steps, The ability to smooth the outer diameter surface and
improve the surface condition and concentricity to within designated
specifications alleviates the need for the use of expensive centerless
grinding equipment and other types of surface-treatment equipment (e.g., 0

electric discharge machining, pickling, alkaline bath, chemical etching). The
amount of material that can be saved from being converted to waste metal
scrap, chips, or grinding sludge and/or subsequently downgraded is significant
compared to the ccst of a plasma surface treatment system.

The environmental pollution regulations in the United Statesare rigid "
with respect to the handling and final disposition of grinding swarf and
chemical treatment waste, and therefore application of plasma melting
technology for surface treatment would be beneficial in this area.

The basic 'operation of plasma surface treatment, similar to a laser
glazing operation, consists of locally melting a relatively thin layer of
material in a continuous operation. A controlled localized heating operation
can also be incorporated with a cutting machine operation or an auxiliary gas
jet can be directed on the locally melted layer to effect direct material

removal (as in oxy-acetylene cutting operations).

Development of plasma surface treatment equipment is currently being .
conducted in the Soviet Union [12]. Figure 3-20 shows the type of equipment
presently being used for surface treatment of steels, specialty, steels, and
titanium. A chamber large enough to contairn the entire billet form is
normally operated under an inert atmosphere environment. The billet is
supported on a series of mechaiiically actuated rollers that allow controlled A
rotation of 'the billet while being exposed to a series of plasma sources that
are' axially scanned over the periphery of the rotating billet. The horizontal
orientation is used to facilitate- the ease of loading and unloading the large
billets.

STATUS OF SCIENCE BASE

Based on the information presented in this report and on personal
communications with researchers i-, the field and with operators of',
laboratory-scale, pilot-scale, at,i production-scale plasma reactor hardware
used for melting applications, thermal plasma arc technology for melting and'
remelting operations has indeed become established in several fields of
commercial application.

Examination of the accumulated data base shows that 'Japan. the Soviet

Union and the German Democratic Republic are taking a leadetship role in
,pioneering the operation of large-scale plasma reactor systems for melting

applications. The reestablishment of the United States in a leadership
position in this high-technology area is important both for our economic
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FIGURE 3-20 Soviet plasma system for surface treatment.

health and for our security in strategic materials, Throughout the world, . S
industrial furnaces of all types consume about 50 percent of the energy
resources produced in the world, and thus the impact of converting even a
small percentage of these furnaces to efficient thermal plasma reactor types
is very significant.

With only a few exceptions (as noted in this report), thermal plasma S
melting technology in the United States is still in the laboratory or
pilot-plant stage, whereas in foreign countries a variety of full-scale
production systehis, operating at steady-state process power levels up to about
20 MW, are in continuous operation. The importance of thermal plasma
technology for melting applications is apparent from the foregoing overview
and discussion of representative applications. Thermal plasma melting and S
materials processing is an interdisciplinary technology in transition. New
prospects for large-scale implementation of plasma melting technology by the
domestic mining, metallurgical, iron and steel, speciality metals, and
chemical industries appear most promising, based on some of the recent
state-of-the-art advances described.

4
Much of the science base that is available in the literature deals with

plasma welding, cutting, and to a lesser extent plasma spray torches.
,Unfortunately, many of the large-scale reactors that have achieved
commercialization are operated in a proprietary manner. From the examples
described in this report, it can be assumed thata reasonable level of
technical. understanding is available for several of the important thermal A
plasma melting reactor systems. ".

• m • " "|
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The majority of the basic research and development studies i.ppearing in
the literature are of plasma cutting and welding technology. The successful
design oi future production-scale thermal plasma reactors for
melting/materials processing applications will require a broad understanding
ot the heat transfer aspects, transport properties, and reaction kinetics of
very high temperature multiparticle systems. Research in thermal plasma
melting technology to date-has been strongly oriented toward technical
feasibility studies for the development of a specific process (in many ceses
proprietary, unpublished information). There is a definite need for research
to close the existing gap between the fundamentals of thermal plasma
technology and the physics and chemistry of process metallurgy. The overlap
of several disciprines suggests. that an interdisciplinary approach will be
required to further the understanding of this complex but important
technology. With this type of approach, it may be possible to see before the
end ot this century the manufacture of basic products such as steel,
fertilizer, silicon, acetylene, cement, and new superalloys benefiting from
large-scale developments in plasma technology.

The following examples illustrate the fundamental long-range research
required to progress technically in thermal plasma melting technology.

0 Investigation of nondeteriorating (nonconsumable) electrodes capable

of steady-state long-lifetime operation at high current levels.
Included should be determination of critical failure mode, the
effects of electrode design, composition, and cooling on electrode
performance and lifetime, and the effects of key operating parameters
on electrode erosion. This information will eliminate
cross-contamination and process downtime. 0

* Improved systems for 'introducing, in a continuous and reproducible
manner, controlled amounts of feedstock to be melted or processed.
This includes studies of the physical interaction of materials
(solids, chips, powders) injected into and entrained in the plasma
discharge-molten pool interface region and potential advantages of
pretreatment or preheating of feedstock, as well as improved quench
techniques- to permit efficient product separation.

' Fluid dynamics and thermal modeling of the plasma system. Emphasis
here should be .on mathematical model-, tor gas flow field,
electromagnetic, force field, and temperature field in dc transferred 0
arc mode plasma systems, and on modeling of'the molten
pool-ingot-crucible interface heat transfer and macroflows within the
molten pool.

* Determination of the physical limitations to high throughput of
material. This, includes the feeder' system, plasma heat source, '
hearth or crucible, and ingot withdrawal system. Optimization of the
system should be sought for maximum ingot withdrawal rate combined

,with improved techniques for achieving completely dense, homogeneous
final ingots with minimum erosion and contamination and with good
surface finish.

0::::
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"* Investigation of new techniques for complete :emoval of inclusions
(low-and high-Jensity) from processed material. This should include
the use of material pretreatment, cleaning, segregation schemes, and

hearths for settling or floating out deleterious material, as well as
determination of trace element buildup resulting from increased

utilization of recycled materials.

"* Investigation of absorption and desorption of plasma species by metal
melts, including determination of reaction mechaniems and rate -

coefficients. Also included should be secondary refining processes
for decarburization, deoxidation, and alloy additions involving
combination of injection metallurgy techniques with a thermal

plasma-heated carrier gas.

"* Identification of key parameters for achieving clean melts, fin•e
grain size, and improved microstructure ot dense ingots. This
includes investigation of effects'of plasma discharge heat flux
distribution, prescribed discharge motion on molten pool, influence
of external magnetic fields on mixing, and heat transfer losses to

.mold and crucible •ystems.

"* ,Establishment of new techniques for material pretreatment and
contamination identification and removal. Included here are both 0
passive and active diagnostic systems for on-line identification of

elemental constituents, contamination, and distribution of
contamination (surface or bulk) in input feedstock. Novel combined
chcmical-plasma techniques for contamination removal from strategic
materials should also be investigated.

"* Investigation of physical metallurgy of thermal plasma surface
treatment and glazing. This includes characterization of different
plasma modes (i.e., transferred, nontransferred) relative to local
-surface melt efficiency and heat transfer losses as well as
determination of operating parameters for optimized workpiece surface
treatment and iraximum processing rate. .

"* Modeling development to predict scaling from laboratory-size thermal
plasma melting reactors (,typical 5-cm-diameter ingots) to
proouction-size plasma reactors (typically 45-cm-diameter ingots'or
slabs). This should include detailed heat transfer analysis and
sensitivity analysis to variations in operating conditions.,-

The following are examples of critical developmental needs and engineering
studies required for rapid technical progressin thermal plasma melting
technoLogy.

0 Establishment of pilot-plant-scale demonstration equipment and .
full-scale production hardware optimized for a specif-ic application
so as to provide highest product yield at minimum cost. This
includes optimization of 'eedstock form and throughput, plasma source
configuration and operating mode, on-line diagnostics for monitoring
input material, contamination limits, and quality of the final

.•..0•.
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product relative to specification, as well as possible interface with
current automa'ed computer-controlled feedback and control systems
and robotics.

0 Detailed economic analysis of several selected technically feasible •

thermal plasma processing systems. This should include sensitivity

analysis of raw material costs, electrical costs, equipment
utilization, overall efficiency, and related considerations.

0 Detailed engineering evaluation of thermal plasma melting systems
relative to alternative competing technologies '(e.g., vacuum arc

remelt, electron-beam, plasma beam, electroslag remelt).

TECHNOLOGICAL OPPORTUNITIES

A challenge exists for improving the efficiency of energy utilization and

conversion and providing new innovative plasma technology methods for metals. .

extraction, melting, remelting, refining, and recycling of materials.

Thermal plasma reactors are compact systems that can process material in a
variety of forus (e.g., solids, chips, powder) at high throughput rates and
with relatively high electrical and thermal efficiency. In an era of growing
awareness that conservation of materials must be pursued in an efficient and
cost-effective manner, new thermal plasma processing techniques are being
considered throughout the metals processing industry Ln converting the raw
material into ingot-type products.

Incorporating many of the advantages mentioned, the following is a list of-

key technological opportunities for thermal, plasma melting technology.

* Cold crucible melting and recycling of strategic scrap material using
continuous ingot withdrawal techniques. This includes melting metals
and alloy scrap in the form of solids, turnings, and powders into a
dense, reusable ingot that is within physical and chemical

specifications.

* Consolidation, alloying, and blending of nonstrategic scrap into bulk
weldable electrodes as used in secondary vacuum arc remelting.

* Casting production of reactive and volatile metals and alloys and

preparation of alloy master melts. 0

0 Production of large monocrystals of refractory metals, directionally
solidified eutectic alloys, and high-melting-point carbides.

0 Production of. ultraclean superalloy powders as used in aerospace
applications; production of new refractory. pobders for high
temperature ceramic applications.

* Reprocecaing of nuclear wastes for volume reduction and stabiliz'atio~n
of the noncombustible solid waste.

* . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .- " .
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"* Toxic chemical waste treatment and decomposition of hazardous wastes

into aimple compounds for subsequent scrubber and flare treatment.

" Production of nitrogen-alloyed steels via plasma injection technique -

as a substitute for chrome steels.

0 Ingot, casting, and slab surface preparation and treatment prior to

secondary grinding processing.
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Chapter 4

PLASMA EXTRACTIVE METALLURGY

The extraction and refining of most metals takes place at temperatures
ranging from 1273 to 1773 K bacause of their elevated melting points and the
thermodynamic criteria for the decomposition of ores. When these temperatures
are in excess of 1673 to 1873 K, the use of electrical energy in the form of
arcs, submerged arcs, or submerged resistance heating, rather than the direct
employment of fossil fuel, is generally the most efficient way to carry out.
the extraction process.

Reactors using thermal plasmas as the energy source, however, may be
logical candidates for replacing some of these technologies. The main
attraction of plasma reactors in smelting, melting, or refining operations is
their ability to supply a concentrated high-temperature heat sour,:e, which
allows for a high processing rate per unit reactor volume.

In spite of this 'there have been very few industrial-scale applications of
plasma systems in extractive metallurgy, although many possible applications
have been suggested. These include the smelting of virgin ores, calcination,
preheating of gases and feed materials to augment existing processes, and
specialized melting systems for the recovery of.fine materials combined with
ore reduction.

* ~A detailed des~ ription of plasma reactors and of the plasma
.characteristics .e..evant .to extractive metallurgy processes was given
previously in this report [1]. Hence, this chapter will focus on the

.potential rble of plasma technology in light of the needs of the extractive
,metallurgy industry and show that in many instances there' are important
opportunities.

FUTURE NEEDS IN EXTRACTIVE METALLURGY

Extractive metallurgy is defined as the winning of metals in their pure or
usable alloy form from ores. In exploring the impact of plasma processing on -

the extractive metallurgical industry, we should note that the production of
iron and steel has increased threefold [2], aluminum increased elevenfold,
copper and zinc have nearly tripled, and lead has doubled in the last 30 years
[31. Since 1946, 17 times-as much aluminum and twice as ouch copper and zinc
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have been produced than in all prior recorded ]:story. The U.S. Bureau of
Mines predicts annual metal production growth rates ranging from 5.5 percent
(aluminum) to 2 percent (zinc) to the v'ar 2000. This continued growth

confronts the industry with broad social issues. In the past, abundant -

low-cost energy, relatively small quantities of waste material, and the

abundance of relatively rich ores resulted in few problems for the metals

industry; it simply exianded to meet the needs. But today the high cost of - -.

energy, the greater awareness of waste being generated, and the depletion of
rich mineral resourcei have led to four major problem areas facing the

extractive metallurgical industry:

1. Energy conservation--resulting from the high cost of clean energy

sources since the oil embargo of 1973.
2. Capital intensity--resulting from the very large scale operations

necessary for good return on investment coupled with high risk, high
capital requirements, and high interest charges.

3. Environment and worker health--resulting. from larger quantities of
waste--both solid and gas--generated by the expanded conventional

processes as well as the recently discovered hazards to health tha."
must be addressed.

4. The need to process low-grade complex minerals and to process
domestic ores of strategic metals--resulting from the depletion of
the richer naturally concentrated ores [3]. s

Increased scrap recycling addresses all four of these probiems since it
requires much less energy and capital investment to recover material already
in the metallic form. Environmental problems, worker health, and processing
of low-grade complex minerals are alleviated to the extent that the extraction -

of metals from these minerals is avoided. This may be the first effective
area for plasma processing to enter Zhe extractive metallurgical industry. It
could be applied to the recovery of high-value metal from waste dusts, through
the melting of lower valued metals for recovery, and progressing to new
processes resulting in the separation of the metals.

Energy Conservation and Capital Intensity -

Energy and capital costs cannot be easily separated in the extractive
metallurgical industry because one is frequently traded for the other,
particularly where the use of lower cost energy requires expensive
environmental contzols. At the International Centennial Symposium of the U.S.
Geological Survey [41 it was predicted that the supply, demand, and cost of B
energy will be the overriding resource problems of the 21st century. The
production of oil and natural gas may well pass its peak by the year 2000, and
the time to develop advanced nuclear technology and discover 'further supplies
ot nuclear fuel must be bought by the ample' coal supply. 'Ultimately,
available energy will be primarily electric,, which may well be the abundant
and cheap fuel- by the standards of the future economy. World deficits by the
year 2000 of such metals as germanium, indium, mercury, silver, and

zinc -- predicted by the U.S. Bureau of Mines--will require more energy to
process the remaining small mineral deposiLs and low grade ores to produce
these as well as many of the other metals. This in turn will mandate the
development of less energy- and capital-intensive processes for metals
production.

............. . ... .. ..... ... : '..•.
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Due to the inherent inefficihncy of generating electricity in a fossil
fuel plant, the overall fuel-to-electricity-to-final-use efficiency can soldom
exceed 30 percent. Although present fuel-burning extractive metallurgical
processes frequently operate at lower efficiencies than 30 percent' it is
possible to bring them to the 40 to 80 percent efficiency range with careful .
design and additional capital investment. Therefore, electricity should be
selected for basic processing only when there are certain specific
.:equirements:

1. Temperatures exceeding those possible with fossil fuels (greater than
1873 K, where with fossil fuels less than 30 percent of the energy is .
available for processing) are neces'sary for the reaction.

2. fn process other than one requiring electrical energy is known; or
3. Electrical energy permits the use of an integrated process that

yields a variety of products and shows total energy conservation and
capital.reduction offsetting increased energy cost.

There are many opportunities for plasma processing that meet these
criteria. However, economics mandate the use of as much fossil energy as
possible, either to reduce electrical input or to produce such useful gaseous
by-products as the carbon oxides and hydrogen. For instance, in the
electrolytic production of zinc from aqueous zinc sulfate, methanol additions
to the electrolyte result in carbon dioxide evolution rather than oxygen, and
in the Hall process for aluminum production, consumption of carbon at the
anode reduces the electrical energy input by approximately 10 percent through
production Of carbon dioxide instead of oxygen. Introducing carbon as a
reductant in high-temperature plasma processing permits the sale of carbon
monoxide as a by-product, increasingenergy efficiency and decreasing cost.

Environmental Control and Processing of Low-Grade Ore

The rapid increase of waste products that must be treated for safe
disposal for the protection of the environment and worker health will be
aggravated in the future by the need to process leaner ores that yield greater
quantities of waste materials per pound of metal produced. The most cost- and
energy-efficient way to solve these problems would be to totally enclose the
system'and use the gaseous and solid wastes as feed for other processing
systems that produce valuable products.

Such integrated industrial complexes would also result in energy
conservation and reduce capital requirements per annual ton for each comodity
produced. Pla-sma processing techniques lend themselves Most readily-to the
development of metal-separating processes as well as to a system'where,
through a series of high-temperature treatments under properly controlled
atmospheres, first.the volatile oxides would be removed, followed by ca-bon
reduction of the remaining material into two'separate phases, one metallic and'
the other an oxide mixture that would subsequently be processed to produce the
remaining metals. If the ore selected is also a waste product that is already
an environmental problem, such. as fly ash, the economics could become
particularly attractive.

An example of such a system would be an integrated process to produce a
variety of products, including electrical energy, aluminum, ferrosilicon,

........- ,.....-......
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magnesium, sulfur or synthetic gypsum, cement and carbon monoxide for organic
synthesis. Raw materials would include coal, limestone, dolomite, and sone
makeup salts for electrolysis. Although clay, anorthobxce, or shale residue
could also be used for this process, the elimination of waste material by

convertin* it. to useful products becomes more attractive, particularly if it r

replaces imported materials [5-11].

More than 700 million tons of coal are used in the United States each
year, primarily for electric power production. By-1990 concumption may be as
high as a billion tons per year. Soe 10 to 15 percent of the bituminous coal
is ash, 15 nercent of which leaves the bottom of the grate as boiler slag and
85 percent of which is blown out of the stack as fly ash (spherical particles

ranging from 0.5 to 100 microns in diameter). One hundred million tons per I
year are available for processing and would, yield, if a 100 percent conversion
were possible, 9 percent of the U.S. neids of iron, 221 percent of aluminum,
400 percent of magnesium, and 2000 percent of titanium [121. One large'
generating station is in operation that could produce 350,000 tons per year of '.
aluminum oxide from 1.2 million tons of' ash per year [13). If only 70 percent'
were reco-vered, 125,000 tons per year of aluminum could be made. A modern %
plasma procei sing system using fly ash could be energy efficient, might be.
modified to --ffect better separation of constituents, and widld produce
by-product carbon monoxide for organic synthesis. One hundzed million tons of
fly ash per year could, in principle, provide a substitute source for all of .
the aluminum consumed in the United States, 40 percent of che iron ore
imported, and all imported ferrosilicon.

An integrated system using plasma processing for the more difficult
separations, where all process wastes are used as raw materials for other
processes, woulo solve most of the problems besetting the extractive
metallurgy industry today.

Advantages, Problems, and Applications of Plasma Processing [14-171 %

As applied to extractive metallurgy, the plasma furnace is ai'totally

enclo.ed, high-temperature-chemical reactor involving thermodynamic -
equilibria, reaction kinetics, and heat transfer as contrasted with a melcit..
furnace where the primary consideration is heat transfer.

ADVANTAGES OF PLASMA PROCESSING -'.°

There are numerous advantages of plasma processing applied to extractive -
metallurgy.

1. Controlled furnace atmosphere: In a pl&sma reactor the atmosphere
* can be controlled to meet nearly any process requirement because its - "

design and materials of construction make it compatible with almost J.
any gas--reducing, oxidizing, or inert..

2. Reduced capital intensity: High re.sction rates and heat transfer at
plasma temperatures, coupled with 'high massless energy release,
.permit high feed rates of reactants and short residence times and
allow reduce,. .-.i-plexity, improved energy efficiency, and reduced
capital cost.

'7'.. 7 -7 **. *. .-. ..'-*°o.-' . * ,2. .
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3. High temperitures possible: Plasma reactors can operate at high
temperature with more available energy than reactors fired with
fossil fuels. Using arc heated air at 4000 Btu/lb, bO percent of the
energy is available for processing at 2480 K as compared with only
1530 K for a natural-gas flame at the same available energy
efficiency. Direct arc temperatures are availableý from 6000 to
20,000 K as compared to a maximum natural-gas flame temperature of
"about 2280 K with no energy remaining for processing [171.

4. Versatility: All forms of matter can be processed in a plasma
reactor.. Bench-scale and pilot processes involving the reaction of
"solids, liquids, and gases in any combination have been demonstrated
successfully in plasma reactors.

"5. Total enclosure: Plasma reactors may be operated as totally closed
systems, thus avoiding contamination of the products and the capture
of all volatiles. This is particularly advantageous if by-product
carbon monoxide and/or condensed oxides or metals are to be filtered
as a product from the effluent.

6. Controlled operation:, Steady-state flow of high-temperature gases
permits reaction control in a narrow' range of temperature and
residence time.

S7. High electrical efficiency: The compact nature and high heat release
and transfer permit high conversion of electrical energy to heat
energy and result in good overall efficiency if the heat energy in
the products is recovered in some manner.

8. Ability to process finely divided material: Lower grade, finely
divided powders may be reacted in'plasma systems without sintering or
agglomeration and with no loss due to oxidation or ocher reactions.

9. Electrical energy intensiveness: At sites where hydroelectric or
nuclear power is available (France, Brazil, etc.),, dependence on
fossil fuels maybe decreased.

10. Rapid quenching: The production of meta-stable states in new
products -lay, be achieved through ultra-rapid quenching made 'poesible
by high tiermal'gradients, between the plasma arc and the surrounding
gas.

Heat fluxes am hi h as 16 kW/cm 2 are possible in a transferred dc arc as
* compared to 4.5 kW/cm in an argon jet and only 0.3 kW/cm2 in an oxygen

fossil fuel flame. Heat transfer is enhanced by high velocities, high plasma
,- gas thermal conductivities, and high temperatures [16-1d).

DISADVANTAGES OR PRObLEMS TO BE SOLVED

SAlthough high temperatures result in high reaction rates' in plasma
reactors, a number, of inherent problems must be resolved to make plasma
processing economically attractive.

4po-.sn
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1. Heat recovery: The reactants art easily and efficiently heated to
reaction temperature, either by preheating with a cheaper energy form
or by carrying them from room temperature to reacting temperature in
the reactor itself. After the reaction is complete, however, the
products contain a high potential. energy level in the form of latent
heat. If a large fraction of this heat is not recovered as
electricai energy or preheat for future reactants, the resultant
t hermal inefficiency makes the process economically unattractive.
"Means must be developed to recover this energy, perhaps as high
pressure steam or in gas turbines, in a similar manner to theK recovery of blast furnace heat to meet on-site electricity
requirements.

2. Electrode life: Reacting systems that have a high percentage of
on-stream time with minimum maintenance costs during down times have
significant advantages over competing processes. Although electrode
costs and labor costs for changing them are important, the paramount
reason for longer electrode life is continuous operation, which
yields high productivity and low labor, maintenance, and capital
costs. Electrode life in some plasma heaters is purported to be as
high as 300 to 400 days under ideal conditions, but this life
probably cannot be maintained at the high temperatures and wore

- severe conditions required for plasma reactorS. Since some electrode
melting and vaporization are inevitable, particularly at the high
temperature conditions necessary for some of rhe more desirable
plasma applications, development.of lower cort, longer life materials
will be essential to the development of economically viable processes.

3. Residence time: Despite the high reaction rates at the temperatures
envisioned, it is unlikely that high yields can be obtained in
in-flight reactions. Some means of swiriing, baffling, or extended
reaction chambers are necessary to give the reacting solids
sufficient time at appropriate temperatures and pressures to result
in high yields. These problems should be much less acute with
gaaeous or liquid reactants. Much work has been done in this area,

*but plasma reactors are process-sensitive, requiring specific
'. reacticn chamber designs for each use..

4. Rapid product quench: Many dissociation reactions envisioned as
possible applications for plasma reactors require rapid cooling below
some critical temperature to obtair, high yields and avoid
back-r!action to the original reactants.- An example of this problem

L is the reduction with carbon of aluminum oxide or magnesium oxide to
metal vapor and carbon monoxide. In the case of aluminum, if
products of the reaction are not quickly lowered from 2570 K
(required for reaction) to 2075 K, where aluminum condenses at I atm,

* the aluminum vapor will back-react with the carbon monoxide to
produce the original reactants-alumina and carbon. In magnesium
production this problem was solved in the Hanskerg process by rapidly

.cooling the magnesium vApor and carbon monoxide with a cold jet of
."hydrogen 119. This method did not result, however, in recovery of
the thermal energy in products, and the process lost out to
electrolysis.
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POSSIBLE APPLICATIONS

In examining possibilities for applying plasma processing to extractive -'

metallurgy, the information in Table 4-i and.Table 4-2 provides useful -

perspectives. The 3-year spread for production and pricing given in Table 4-1
is necessary to avoid the distortion that took place in the recession year of

1982 [20-22].

It is known that iron and steel are the most used and needed metals in

society, since their world production is 20 times that of the next most needed
and used metal, manganese (over 50 percent of which is closely tied to the
iron and steel industry as an alloying agent). The production of aluminum,

the second most important structural netal, is only 1/30 that of iron and
steel, although in the United States it i's about 1/15. If need, as measured
by consumption, were the only crizerion for the selection of possible.
profitable applications of plasma technology, first consideration should be
given to iron and steel followed by manganese, aluminum, chromium, copper,
zinc, lead, nickel, magnesium, tin, and titanium in that order. Another
important criterion would be the net import reliance of the United States for
the metal in question. Table 4-3, is a prioritized list of strategic metals %
j23].

Iron oxide reduction in a single step using hydrogen or methane as the
reductant has many ,advantages. In such a process electricity would be used
for heat, process energy, and the production of the hydrogen reductant from
natural gas or coal. Production of costly metallurgical coke would be
avoided, and carbon- and oxygen-free iron would be produced in a totally
enclosed system, reducing pollution control measures and'yielding a product
from which steel could be made in simplified processing steps. Such a process
has been demonstrated technically at a 1 MW-pilot scale'114,17]. It ia rather
unlikely, however, that plasma technology will be used for the amelting of
iron ores on a tonnage scale, except for special applications. The reasons
f~r'this are as follows:

*, The overall energy requirements of producing steel in plasma reactors
are estimated to be 2000-3000 kWh/ton..considerably more'than

conventional technology.,

0 Additional problems are posed by the unavailability of the plasma
torches needed for such an application (in the 40 -o .00-MW range).'

S F.inaLly plasma smelting of ferrous ores -should. not be 'comp&ref, tLth
the existing steelmaking technologies but with the new id.ýzs !or
fo'ssilfuel-based direct smelting'systems, whic",' ;ou'd ofler
comparable advantages to plasma smelting withjut the drawbacks
mentioned here.

Thece considerations will not apply to scrap mel'ting , plaama guns, a,

technology practiced by Voest Alpine in Austria, or for some special
situations, such as in Sueden, where local circumstances encourage the
development of such operations.
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TABLE 4-2 Ferroalloy Production (millions of tons)

U.S. Production World Production
Metal 1980 1981 1980 1981

Ferromanganese 1.9 x l0-1 1.9 x l0-1 5.2 5.3
Ferrosilicon 6.8 x 10-l' 6.9 x 10-1 3.4 3.6
Ferrochromium 2.3 x 10-1 2.4 x 10-1 3.4 3.5
Ferrocolombium .8.9 x 10 4  1.6 x L0- UA UA
Ferrophosphorous 8.0 x 10-2. 1.2 x 10-1 UA UA ...
Silicomanganese 1.7 x 10-1 1.9 x 10-1 1.2 1.3 0

Manganese and chromium, at 26 and 10 million tons per year of world
production, respectively, are second and fourth'in the world,'s most needed and
used metals. A significant fraction of each of them is produced
electrolytically. They are found in large quantities in fine
electrostatically collected dusts from other processes, and 98 percent of the
manganese and 91 percent of the chromium used in the United States is
imported. Therefore, these metals meet the crite-ion of high consumption
rates, require electrical energy for their production, appear as fine dust in -
the scrap recycle lobp, and are fifth and eighth in the list of strategic 0
metals in Table 4-3. Since they also have a relhtively high mark-up value
between the ore and the usable metal, they are strong candidates to
economically support the development of large-scale plasma processing
equipment with an expected reasonable return on investment. Because these
metals are largely used in ferroalloys they, along with ferrocolumbium,
ferrosilicon, and ferromolybdenum, constitute a class of materials that show •
the greatest opportunity and economic incentive for plasma processing
development (Table 4-2).

Zinc also meets many of the criteria listed for plasma processing
applications. At 6.5 million tons per ye.ar of world proluction, it is the ---

sixth most important metal. A large fraction of zinc is produced - 6
electrolytically, appears in baghouse dusts therefore meting the recycling
criteria, and is the tweltth most imrortant strategic me:al as 60 percent of
U.b. requirement is imported (Table 4-3). Research has ,een carried on
through pilot-demonstration scale of zinc smelting from rimary raw materials
by plasma technology as well as the recovery of zinc froi waste dust [16,24]. .

Nickel is eighth in world level of production; some of it is produced
'electrolytically, anri since 73 percent is imported it is the tenth most
important strategic metal. Cobalt (usually associated w th nickel) is, at 93
percent imported, the fifth most important strategic met l. Plasma processes
have been developed to the pilot plant stage to recover tickel and cobalt; and
zinc, iron, chromium, and molybdenum have been demonstra:ed to-be recoverable
from steel-mill baghouse dust using plasma generators [2 ,25,261].

Aluminum, magnesium, and titanium fall in a group that is pcimarily "
produced electrolytically (although magnesium-can also bt pyrolytically
produced by the reduction of calcined dolomite with ferr silicon in a'

• 0 • -
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TABLE 4-3 V.S. Net Import Reliance for Selected Metals as a Percent of

Consump t ion
Percentage of 0

Metals Consumption Major Foreign Sources

Columbium 100 Brazil, Canada, Thailand
Strontium 100 Mexico, Germany, Canada '.:..-

Manganese 98 South Africa, Gabon, Brazil, "
France •

Bauxite and alumina 94 Jamaica, Australia, Guinea,
Surinam

Cobalt 93 Zaire, Belgium-Luxembourg,
Zambia, Finland

Chromium 91 South Africa, USSR,
Phillipines -

Tantalum 90 Turkey, Thailand, Canada,
Malaysia, Brazil

Platinum-group metals 88 South Africa, USSR, England
Tin 79 Malaysia, Thailand, Bolivia,

Indonesia
Nickel 73 Canada, Norway, Botswana, 0

New Caledonia
Potassium 65 Canada, Israel
.inc 60 Canada, Mexico, Spain,

Germany
Cadmium 55 Canada, Australia, Mexico, -

Belgium-Luxembourg ,

Tungsten 33 Canada, Bolivia, China,
Thailand

Selenium 52 Canada, Japan, Yugoslavia
Antimony 48 South Africa, Boliva, China, '"-.'

Mexico
Barium 41 Peru, Ireland, Mexico, •

Morocco
Titanium (ilmenite) 23 Australia, Canada,

South Africa -

Mercury 28 Spain, Algeria, Italy, 'Japan
Iron ore 25' Canada, Venezuela, Brazil,

Liberia •
Iron & steel scrap 37 Net Imports
Gold 18 Canada, 'USSR, Switzerland
Vanadium 17 South Africa, Chile, Canada
Iron &.steel products 15 Japan, Europe, Canada
Copper 14 Chile, Canada, Zambia, Peru
Silver 7 Canada, Mexico, Peru, England '.-

-0
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resistively heated slag furnace). Titanium is produced by the reduction of
titanium tetrachloride with magnesium metal. These metals, with aluminum at
16 million tons per year, magnesium at 330,000 tons per year. and titanium at
84,000 tons per year, are third, ninth, and eleventh in world production.
Aluminum, whose ore bauxite is 94 percent imported, falls into the strategic S
metals category. In the future, plasma production of both aluminum and
magnesium may be possible, but this will require solving two difficult
problems, development of a rapid quenching technique and the need to make the
process sufficiently energy efficient (heat lost in quenching must be
recovered).

In order of likelihood of application these are the production of
ferroalloys from recycled fine material coupled with the reduction of lean
ores, the recycling of scrap materials such as cast iron chips, and the
treatment of waste dusts that are an environmental concern and contain
valuable constituents such as zinc, nickel, chromium, and molybdenum. The
treatment of recycled materials, waste products, and lean ores could be S
followed by primary reduction of zinc, titanium and molybdenum with ultimate
application to primary reduction of iron, steel, and aluminum. But torches
must first reach the 20 to 40-MW level, reaction chambers must be designed
with sufficient residence time, and the problems of rapid quench and heat.
recovery be solved. With a national commitment and proper funding,,solutions
can be founak, perhaps by the year 2000'. The application of plasma technology
to primary production of metal's could be accelerated and brought to fruition
before that time, as previously described, if the synergistic relationship
between industries could be organized to produce lower capital investment,
operating costs, and higher energy efficiency through an integrated industrial.
complex producing many products and having greatly reduced waste problems.

STATE OF THE ART

At present, plasma reactors for extractive metallurgy are being developed
through trial-and-error, with reactor designs varying considerably for
different metals and sometimes even for the same metal. Despite the empirical
rather than theoretical foundation for equipment design, the technical promise •6
for plasma furnaces in extracting metals from their ores is well established.
Even with pilot-scale successes, however, there are no full-scale commercial
installations documented in the open literature.

The reason lies with the production size of smelting systems. Plasma'
torches with the capacity to equal current productivity--i.e., the 20-MW torch
in operation at Westinghouse Electric's Waltz Mill, Pa., facility--remain in.
the development stage and are not yet commercially available [271. For
'instance, a modern economic steel smelter must operate at 250,000 tons'per
year minimum or 28 tons per hour. Producing this quantity of metal from ore
requires a plasma furnace of abot:t 100 MW. Although multiple torches could
supply this'power level, existing equipment does not lend itself readily to 9..
tonnage production. Recent advances in transferred arc reactors (in East
Germany and the Soviet Union), however, hive-greatly enhanced this possibility
through the evolution oi commercial scale plasma furnaces of 10 to 20-'W
capacity using multiple plasma 'torches of 3.0 to 3.5-MW in ferroalloy
production and steel processing [11.

• .:...:-.
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Economic success of the mini-mills producing high-alloy steels and
ferroalloy from scrap in electric furnaces has shown that electrical energy
can be used economically in special metallurgical applications. During the
past 20 years considerable bench and piiot scale e-tperience has been acquired.
and the successful economic applications of plasma furnaces are increasing
rapidly.

Iron ana Steel

Research and development on iron and steel hAve been directed toward three
major areas: reduction of finely divided iron oxide to molten metallic iron;
plasma torch augmentation of existing blast furnaces to reduce coke
requirements; and the use of plasma reformcrs to produce the reductant gases
used in the direct reduction of iron ore (DRI). The latter yields a powdered
sponge iron that is produced at a temperature lower than. its melting point.

Iron Oxide Reduction 0

Beginning in 1970, there were numerous laboratory-scale investigations on
the reduction of iron oxide particles to metallic iron in plasma reactors
[28-32]. In nearly all of this work the particulate ore was injected with
reducing gases into the hot plasma, relying on high temperature to cause the
reaction to produce molten iron in the very short residence time available, 0
and subsequently showing low yields. A major step in the solution of this
problem was made by the Bethlehem Steel Corporation in 1975. This'
dewonstrated the production of molten iron at the I.O-MW power level by using
a talling-film plasma reactor of Bethlehem's design to greatly increaae
residence time end temperature. More recent research at SKF Steel in Sweden, -
using a coke-packed column to increase residence time, has also reculted in a
design that produces molten iron using a 1.5-MW power level.

Energy and materials balances derived from the data generated in the 1-MW
pilot unit showed gross electrical energy requirements to be 3000 kWh/ton of
,iron. Losses due to equipment cooling water, etc., were included in this -
figure, but no credit was taken for the carbon monoxide and hydrogen content -

or the sensible heat of the effluent process gases, which contained an energy
equivalent of 685 kWh/ton. In the United States, the projected electrical
energy cost of this technically feasible one-step route for making carbon-free
molten semisteel from iron ore will not be economical unless some means is
developed to use the reducing value of the by-product gas as well as the
sensible heat in this gas and in the cooling water.

It is quite possible, however, that new commercial initiatives may be
taken regarding the use of plasma technology in the iron and steel industry. -

As an example, SKF Steel believes the proper combination of conditions already
exists for this technology and in diligently pursuing customers for its
Plasmasmelt process. Pickands Mather and Company of Cleveland, Ohio, along e
with the State of Minnesota, has entered into a $3.7 million contract with
Westinghouse to develop a plasma reactor for the transformation of Mesabi
Range iron ore to molten iron, eliminating the present pelletizing step and
upgrading the product before it leaves Minnesota. In December 1983 they
announced the anticipated construction of a 100,000-ton-per-year demonstration

. . .. , . . .
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plant in 1984-1905, to be followed by an expansion of another 100,000 tons at

a later date if all goes well with the development program [33]. Some
important patents ia this area have been granLed [34,35,361.

Plasma Augmentation of Blast Furtir.ces 0

Environmental constraints on existir&- coke ovens and the inareasing cost
of good-quality metallurgi.ai coke have led to considerable effort to replace
some of the metallurgical cike requirement with other fuels, such as the

introduction of natural gas, coal, or oil at blast furnace tuyeres. The use
of electrical energy from a plasuia torch at the tuyeres in a similar manner
may inczeasd biast furnace prodaictivity while reducing coke requirements.
This idea has been successfully demonstrated at the Centre le Recherches
Metallurgiques (CRM) in Belgium, where superheated reducing gas produced by
the plasma reforming of natural gas with air or carbon dioxide was injected
intc a pilot blast furnace, resulting in a 75 percent reduction in zoke
consumption [16,371. Technically feasible, the augmentation of hot blast
energy by plasma torches may or may not be economically attractive, depending
on the local circumstances.

Direct Reduced Iron Via Plasma Reformers

SKF steel has demonstrated the technical feasibility of plasma cracking of
.natural gas or liquefied petroleum gas (LPG) to an acceptable reducing gas
mixture for producing sponge iron. The current operating capacity is 70,000
tons of sponge per year,.

ASEA, located in Vasteras, Sweden, has de,.eloped a dc plasma arc furnace
to replace conventional arc furnaces for melting scrap. The original
objectives were to treat fines without agglomeration, decrease electrode
consumption and decrease electrical arc noise, but the firm is now extending
its application to the chemical reactions of extractive metallurgy. This
furnace is a basic element in the Elred process involving the fluidized bed
prereduction and plasma smelting of iron ores [16,38,39]. The Elred process
consists of three basic processing steps:

1. The prereduction of finely divided iron ore carried out in the solid
state in the presence of ,exCess carbon to produce a partly metallized .-
carbon-containing product;

2. Plasma smelting of this product to molten iron;

3. The generation of 'electrical energy using the off-gases from both the
prereduction and plasma arc furnares in a combined-cycle cogeneration
system*

The final step produces all of the electrical energy required for the plasma
arc while generating 300 to 400 kWh/ton of steel as a by-product. Energy

consumption does not differ significantly from large blast furnaces, but
capital investment is significantly lower and the use of coal instead of coke
as the energy raw material results in substantially lower energy cost.

........................................ .... ... .. .-. o
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By replacing the natural gas heating fuel with hydroelectric power via
plasma torches, Sidebeck-Dosco Ltd., Montreal, a steelmaker that uses DRI, is
investigating the possibility of reducing operating costs in its methane
reformer at its DRI operations at Contrecoer, Quebec. The module under ....
consideration for conversion has a capacity of 500,000 metric tons of DRI per S
year but would be increased to 550,000 metric tons by the conversion. Natural
gas is currently used as fuel to heat the reformer segment as well. as for the --

production of the reduced product gases. Plasma can be used to replace that
portion of the gas used for fuel and is being considered because of the
uncertain future costs of natural gas and oil. Sidbeck-Dosco's direct
reduction plant is located in an area where hydro-electric power is available S
and the price is considered to be more stable [40].

Ferroalloys

One of the most active areas in the application of plasma technology to
extraccive metallurgy is the production of specialty ferroalloys. The present S
method is to melt recycled scrap and DRI with further reduction in
conventional submerged arc furnaces to produce specialty steel products.

The first large scale comparison of plasma with conventional technology
was recently'reported based on the operation of a 10-ton per hour plasma
furnace operating since 1973. and a 30-ton per hour furnace in operation since S
1977, both in the German Democratic Republic [41].

Advantages of 30 percent lower capital investment than a modern
high-powered electric arc furnace, less than 2 percent iron loss, and low
oxygen and hydrogen contamination were reported. Higher melting efficiency
with no need for secondary refining, greater recovery of alloying elements in S
scrap, lower noise levels (below 60 decibels), and the ability to produce low
carbon alloys and alloys with nitrogen through the gas phase instead of,
expensive ferroalloys were reported. This, coupled with the elimination of
shock loading of transmission lines and production of a higher quality product
indicates significant advantages over conventional submerged arc furnaces.

Similar results are reported from. furnaces, with six 3.5-MW torches having
capacities of 100 tons of steel per hour reported to be operating in the
Soviet-Union. These furnaces produce both ferroalloy and hot metal, using DRI
and scrap as the charge '11].

The most extensive investigation in the possible commercialization of .
plasma furnaces for ferroalloy production in the free -world is being conducted
by the Council for Mineral Technology (MINTEX) in South Africa in conjunction
with the Middelburg Steel and Alloys Company (MS&A). Their experiments were
conducted at the Tetronics Research and Development Company Ltd., Faringdon,
Oxon, England, using the Tetronics Plasma System (TPS) with a 1.4-MW.
transferred arc :furnace 'and a precessing cathodic electrode and liquid metal
anode [16]. Experiments have been conducted on the production, of both
ferromanganese and ferrochromium 142,431. Chromium recoveries as high as 98
percent were obtained in the production of high-carbon ferrochromium from a -
Transvaal chromite ore (chromium-to-iron ratio of 1.7:1) and powdered coal .at
750-kW power input. The precessing electrode serves.to expand the plasma

S
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zone. The powdered feed, consisting of a mixture of ore, coal, and additives
for slag treatment, is injected into this zone. Since conventional
submerged-arc furnaces producing ferrochromium typically operate at above 3800
kWh per metric ton, about equivalent to the 3500 to 4000 kWh per metric ton
reported for these experiments. It seems likely, therefore, that the plasma
was simply a convenient, efficient heat source for the reduction of dissolved -

ore in slag with a conventional liqu~id metal bath and that little in-fligh t
reduction took place, even though the arc was expanded. Precession of the
electrode may be necessary to aid heat transfer and hold reactants at. *. -

temperature, but it is unlikely that arc expansion can provide the necessary
residence time for in-flight reaction, as has been suggested [441.

Increased efficiency would be obtained by prereduction of the ore, which
could result in low energy consumption of the order of 2000 kWh per metric ton
and produce more favorable chromium-to-iron ratio alloy from low grade ores
[45,461. Elimination of the agglomerating plant, the use of low-cost coal
powder instead of coke or char, high chromium recoveries, and lower electrode
costs should result in significant cost savings, even though energy
requirements are equivalent to existing submerged arc procesces. Reduction of
operating costs on the order of 20 to 30 percent have been predicted [471.

SKF Steel's Plasmasmelt process using nontransferred plasma arc torches at
the base of a coke-filled column has also been demonstrated successfully in
the production of ferroalloys [481. Ferrochromium has been made from ore
fines or concentrates and the process is available for-license under the trade
name of Plasmachrome. Other ferroalloys can also be made in this processing
equipment, and'licensing for ferroalloys other than ferrochromium is marketed
under the trade name Plasmalloy.

The Bethlehem Steel falling-film reactor has also been applied to the
production of ferrovanadium [491. Tests were conducted-on a 500-kW facility
capable of producing up to 2 million pounds per year, and at this level it
could be considered to be a production unit. Reaction rates were 10 to 15
times greaterin the falling-film plasma region and in the bath than
in-flight, and the carbothermic reduction of the oxide could be considered to. .
be nearly complete by the time it reached the pool. The alloy contained 43
percent vanadium at about 80 percent vanadium efficiency and an overall
efficiency of 72 percent, of the metallic fraction of the ore. Energy
consumption was approximately 3000 kWh per metric ton of alloy, with net
energy consumption close to the theoretical limit when calculated heat losses
were subtracted. Both the ferrovanadium and pure vanadium made withthis
process were tested as additives for steel and found to be satisfactory.
Although no direct cost estimate has been published, estimates can be made
using data from related processes. Assuming a power of 560 kW, a production
rate of 450 metric tons per.year, and energy consumption of 220 GJ per metric
ton, showing a near stand-off with present production costs and yields a 1.5
percent improvement with the best possible estimates [14). Commercial 80 0
percent ferrovanadium (analyzing 79.4 percent V, 18 percent'Fe) has also been.
easily produced in the Hydro-Quebec-Noranda plasma furnace by reacting
vanadium pentoxide with iron and carbon (1].,

.. . . * * . ,.. . . . . . . , * . . . .. , .- - . ... '- './ -
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Waste Materials and Zinc

Each year industry generates large quantities of wpste dust that must be
discarded in safe landfills at considerable cost. By far'the largest singla
contributor to this particulate waste is the power genertting industry, which
produces over 120 million tons of fly ash each year. Other sources of such
dust are open-hearth steel furnaces, basic oxygen furnaces, and electric arc
furnaces of various types. Many of these dusts are hazardous and must be
encapsulated or transported to a controlled landfill because of the possible
leaching of toxic heavy metals such as lead, cadmium, and chromium. Because
much of this material has been condensed from the gaseous state at very high .
temperatures, it is finely divided, ranging from 0.,1 pm to 1.0 Um and is of
a glassy nature and each particle may contain more than one metallic
constituent. This makes normal techniques of ore concentration, such as
flotation, not feasible.

-S

In examining these, in some detail, between 1 and 2 percent of the charge
to an electric furnace is collected as dust in precipitators or baghouses and
may contain as much as 25 percent zinc, 4 percent lead, and 2 percent
manganese as oxide, if carbon steel using some galvanized scrap is being
processed [25]. If the furnace is located in an alloy steel plant, the waste
dust may contain 25 percent chromium oxide, 19 percent manganese. oxide, 5
percent nickel oxide and some molybdenum oxide [25]. In both cases the iron
content is between 20 and 30 percent, whereas blast furnace dust and basic
oxygen furnace dust and mill scale contain about 50 percent iron and I percent
manganese oxide. Of these recoverable metals, the United States imports 98
percent of the manganese, 91 percent of the chromium, 60 percent of the zinc
and 25 percent of the iron needed for its industries. As early as 1977 it was
suggested by workers at the University of Toronto's Department of Metallurgy
and Materiels Science that a high temperature plasma arc process may be
applicable to resource recovery from steel plant dust'[25]. Research was
carried out in a furnace of their own design in which an arc is struck between
three hollow graphitc electrodes, using 3-phase alternating current. Their
results from'the treatment of steel plant waste powders mixed with
stoichiometric carbonaceous material and fed continuously into the reactor
shoved the success ul production of molten iron, and ferroalloys and an
overhead.condensate of zinc and lead, which was easily recovered. Their
economic projectio suggested that such operations could be economical, even
on a small scale.

More recently, SKF'Steel of Sweden demonstrated the feasibility of metal
recovery from such fine dust in a plasma process at the 1.5-MW pilot scale
using a modification of their Plasmasmelt equipment, termed the Plasmadust
process. In this ,rocess fossil energy in the form of carbon monoxide and
hydrogen is retained as the reductant, but the thermal energy is provided by a'
plasma torch operating at 85 to 90 percent electrical energy efficiency,.
resulting in a muc -reduced gas volume over conventional fossil based
processes. Because of the high enthalpy of the plasma gas, capital investment
in the equipment i; significantly reduced while total 'energy efficiency is
much improved. SK? now has units of 3 and 6 megawatts available and is
working on a 10-MW system it believes will be the largest module necessary for
the development of extractive metallurgical plasma systems [261.

-. . . . . .'-.
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A new company called Scandust hab been formed by SKF, Landskrona, Finans,

and the Swedish government to re..zover metals such as zinc, iron, nickel,
chromium, and molybdenum from steel-mill baghouse dust based on the plAsmadust

technology. A 70,000-ton per year plant is under construction at the Oresund
Shipyard in Landskrona, Sweden, at a cost of $26 million and is expected to be

in full operation by the end of 1985 [241.

Only slight modifications are needed to convert the Plasmzdust process to -

th~e production of pure zinc from its ores, This process has been demonstrated

at the 1.5-MU level and licensing is being marketed under the trade name of

Plasmazinc 126].

Zirconium, Silicon, and Titanium

Zirconium, silic 'on and titanium may~be grouped together, since the present

process used for the production of' both titanium and zirconium involves the - -

reduction of Lhe chloride with magnesium (Kroll process). Titanium and0
zirconium metal sponge are, produced, and the magnesium chloride by-product is

recycled through an electrolytic process to regenerate the magnesium and
chlorine for both the chlorination and reduction steps. Although
commercial-grade silicon is readily wiade in submerged arc furnaces, the

impurities remaining in the silicon render it unusable for solar cells, which

are expected to be a. significant new market for this metal.

Zirconium

Since early 1981 researchers at both the Industrial Materials Research
Institute (114R1) in Boucherville, Quebec, and at McGill University in Montreal
have been developing a plasma process using the Hydro--Quebec-Noranda
transferred arc reactor 111 to replace the high-cost conventional Kroll
process for the production of zirconium. The production of the chloride is no
problem since technology for the plasma decomposition of low cost abundant
zircon sand (ZrSiO4, Zirconium silicate) to yield relatively pure zirconium
dioxide has been in commercial operation for a number of years at Ionarc in
aIow, New Hampshire. The chlorination of metal oxrides in fluid beds used in6
commercial production of titanium tetrachloride for the Kroil process and has
been demonstrated by Alcoa on pilot- and demonstration-plant scale' for the

production of aluminum chloride for the Alcoa Smelting Process (ASP).

The.McGill group also investigated the production of zirconium
tetrachloride in a chlorine plasma by the chlorination of zirconium dioxide,
both with and without carbon additions. At 1700 K, chlorination readily

occurred, but the reaction was significantly faster in the presence of cairbon.

With commercial techniques for the production of zirconium tetrachloride

from zircon sand, the proposed plasma process for the production of zirconium'q
metal seems both technically and economically feasible,.showing a calculated
cost of production of dense zirconium metal at $4-5 per kilogram (1983

dollars) if the removal of hafnium is not necessary.
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Silicon

In the years between 1973, when the oil crisis first began, and 1979, many
thought that solar energy might play a very significant role in the country's
needs for electrical energy if the price of photovoltaic-grade silicon could
be reduced. The Department of Energy scenarios projected a market of 3000
metric tons per year by 1985, far exceeding existing capacity [141. Although
many now believe the role of solar power production will be much less

important than previously thought, there should be a definite place for this
form of power generation, and a modest program continues. Westinghouse
Electric suggestei a one-stage high-temperature plasmo process, which was
successfully carried up through the 1.5-MW pilot plant stage [7,'14,381.. A
very high temperature is used in this process, permitting liquid silicon to be
condensed onto the furnace wall Protected by a frozen skull and collected as a

liquid at the bottom of the unit. The silicon is made by the reaction of
gaseous silicon terrachlcride with metallic sodium in an qrgon-hydrogen
plasma, producing pire silicon and sodium chloride. The sodium chloride is .
removed as a vapor, condensed and recycled. Using data from the 1.5-MW pilot
plant, economic analysis of a projected 3000 metric ton per yepr plasma
silicon plant showed a $25 million capital requirement and an estimated
product cost of $13 per kilogram in 1980 dollars. This was clearly in line
with the Department of Energy's goals, .ut uncertaitity, as to the size of the
market caused shelving of the process development for strategic rather than
technical reasons.

Work continues in many areas at a somewhat reduced level aimed at che low . *.

cost production of photovoltaic silicon, and a paper was recently presented at
the Sixth International Symposium on Plasma Chemistry in Montreal, describing
a plasma process for-multiphase zone refining that shows tremendous economic
advantage over -the classical zone melting technique.

Titanium

Its relatively low density, corrosion resistance, and high strength make
titanium very attractive for use in the aerospace industry as well, as in
chemical and power plants. Titanium use has, however, been restricted by its
high cost, except in the aircraft industry where cost is of somewhat lesser
importance. The high cost results largely from costly fabrication techniques'
and high recycle loads but is also heavily influenced by the batch-nacure and ii
high energy consumption of the .conventional Kroll and Hunter smelting
processes. Plasma application in the production of titanium metal ha3 ,-1

received periodic attention over the past 30 years, most cases being
concentrated on hydrogen reduction of. titanium tetrachloride, thereby
retaining the first two steps in the Kroll or Hunter processes. Over the
years many attempts were made to produce titanium powders for metal by this
route with little success, since'only partial reduction was attained and a
mixture of titanium subchlorides were the usual product [50-51]. In 1974,
Yean and Riter [52] concluded that extremely rapid preferential condensation
of vapor-phase titanium would be necessary if the unfavorable thermodynamics
of the system were to be overcome. In 1972 a British patent was issued
suggesting that. the. traditional K~roll or Hunter reduction using sodium or
magnesium be carried out at plasma temperatures to directly produce

. ..-. . .
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high-purity titanium and result in the elimination of the subsequent

purification. Depenoing on processing conditions, titanLum alloy powders,
Pure titanium powder, a form of ingot cast from the liquid state, or &
substitute tor sponge could be produced. For a number of years, the
Electricity Council Research Center in Chester, England, has been
investigaring a single-stage gas-phase reduction of titanium chloride with
sodium in a hydrogen plasma at 2300 K [531. Researchers have successfully
prepared, metallic titanium in a 30-kW plasma furnace and have shown it to be

-* substantially free of chlorides. However, considerable difficulty has been

experienced in controlling the addition of the feed materials [1,541.
Following the same idea and using techniques p, .iously developed for the
production of photovoltaic-grade silicon, Westinghouse Electric has
?uccessfully demonstrated the production of titanium metal in various forms
using a 40 kW laboratory unit. The sodium chloride by-product is removed as a
vapor, permitting continuous operation. Data collected from this unit have
been used in designing a pilot scale reactor, the information from which could
be used to scale up to a production unit i551.

CONCLUSIONS AND RE.COMMNDATIONS

With few exceptions, the application, of high-teisperature plasma reactors
co extractive metallurgy is still unde" laboratory or pilot-plant
development. Various plasma phenomena have been recognized since 1790 and

.used commercially since th*, turn of the century, when large-scale electrical
generating equipment became available. Exploitation, howe.ver, has been rather
"crude, found largely in inefficient, noisy, and polluting arc furnaces used
only where very high temperatures are needed to produce materials that command
a high price. Relatively large-scale-plasma equipment did not become
available for metallurgical applications until NASA found it necessary to
develop efficient torches for the investigation of reentry materials. At that
time there was a great rush to apply plasma technology to the development of
new products and processes, using hardware already developed. This bypassed
Lhe fundamental studies that could have led to efficient design. In the past
10 years, however, bench and pilot scale experiments have made possible the
application of plasma technology to bulk metal heating and melting and as a
heat source for fluidized beds and rotary kilns. Plasma technology has also
been used as a supplement for blast furnaces and in a few instances for
high-temperature l'cemical reactions.

In recent years, a'number of important extractive process applications
operating at power levels up to 20-MWi using multiples of 3 to 5-MW torches
have been brought onstream or are, in- advanced stages of development:

.a Plasma arc melting: Remelting of high alloy steels under inert
atmosphere permits ,the alloying of reactive metals without
oxidation. Applications of this'type have been in operation since
the early 1970's.

" Production of terroalloys: 'Manganese, chromium, Yanadium,.c6lumbium,
Ssilicon and other materials needed for alloying with steel are

produced in the form lof ferromaster alloys from lean ore fines,
concentrates, and s,.rap materials. Some time ago, the technical
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feasibility of such production was demonstrated at the 400-kW level,

but commercial exploitation was delayed until 10 to 20-MW assemblies

were available.

Recovery of metals from precipitator dusts: A 70,000-ton-per-year

plant, to be completed in 1985, at a cost of $26 million, is under

construction in Landskrona, Sweden.

* Blast furnace augmentation: Air blasts, superheating, and fuel

injecting systems (designed to increase productivity) are under
development.

a Other processes: Technologies' developed beyond pilot scale but not

yet commercialized are: (a) smelting of zinc from primary raw
materials, (b) direct reduction of iron ore with hydrogen or methane,

and (c) hot metal from iron ore concentrates and coal.

Once a technology has been developed, it is usually more economical to
purchase the proprietary technology from the developer than to try to produce

similar results at a lower cost through independent investigations. Therefore,
it 'seems that, since man'r of the processes described here have been offered
for license, it would waste research funds to develop competing processes to

Saccomplish the same result.with similar technology. Instead, since little is
known of the fundamental nature of plasma interactions, it would be better to

* invest the available funding in the basic research needed to close the gap
between the fundamentals of plasma arc phenomena and the physics and chemistry
of process metallurgy. The required research can be broadly divided into
three parts and conducted under three auspices.

*',The fundamental research and mathematical modeling of high-temperature

reactions in the plasma should be carried out at universities or national
laboratories, where research can be targeted to yield mathematical models
"based on theory as well as empirical observation describing heat, fluid flow,
a'nd transport phenomena under plasma conditions. Other fundamental
investigations to determine thermodynamic properties and transport
coefficients under plasma conditions will also be necessary. Diagnostic

".- techniques must be developed 'to define the size, injection velocity, and
temperature profile of particles entering the reaction zone.

"Industrial- laboratory investigations should focus on such engineering
Sfactors as designing systems'with the required residence times prescribed b1

t.he'tundamental investigations as well as the practical' problems of material
selection. , Important materials cunsiderations include avoiding refractory
erosion and electrode wear, arc control, hearth erosion, and means for
recovering heat.

, 'ELconomic analysis is separate from the scientific and engineering

evaluation. Fur capital investment to be warranted the finished product must
have a market sufficiently large and at a high enough profit to give a proper

return on investment. The likelihood of meeting this requirement can only be
determined by an in-depth economic study of proposed applications, which will

r assirt in selecting processes for development that will be commercially as
well as technically successful'.r1.
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In summary, if plasma technology is to fiid a place in United States

extractive metalluigy processes, a long range program must begin with
fundamental studies of the plasma process as it relates to the needs of

extractive process metallurgy and progress through the engineering development
of new techniques needed for metal separation. Two or three centers should be

created at universities, and possibly national laboratories orother research

organizations, with complimentary and supplementary activities directed toward

sufticient understanding of piasma reactors to develop desi'-n criteria for

virtually any physical er chemical separation. This reqiores equipping these

centers with basic equipment, and should be a joint

government-academia-industry undertaking to put American industry on the track

to restoring our world leadership in basic extractive metallurgy technology.

American industry will always be willing to finance the development costs

of new products anG rocesses in the short time frame and the National Science

Foundation, coupled ith academia., has been available to fund the basic

research necebsaiy. We are weakest in the 10-15 year time frame where
uncertainty as to whether the research will pay off causes industry to look
twice at funding research and development on new production processes or to
rejuvenate old techniques. The government has been reluctant to fund this
type of research, deeming it the proper province of industry. This has not
been the case with our foreign competitors, who, if we exclude military R&D,

are substantially, outspending us on civilian research and development. This
is beginning to pay off for them, and if we do not find some way to increase

civilian research and development in extractive metallurgy in the United

States we will uot be competitive in international markets.
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Chapter 5

PLASMA DEPOSITION PROCESSING

More than any other application for plasmas discussed in this report,
plasma deposition is an established industr 'ial process. However, the practice
has developed empirically, and the scienice base is in its infancy.

Among thn most well-developed anid widely-used plasma deposition proc Iesses
are those that employ high-intensity plasma flames for melting and
consolidating pre-alloyed powder feed onto the workpiece surface- These
processes can be conveniently classified into three categories: conventional
plasma spraying, vacuum plasma spraying, and plasma transferred arc
deposition. This chapter describes essential features of these three
orocesses, their strengths and limitations, and their areas of application. -

1-rocessing fundamentals are also considered, particularly as they relate to
pa.-tidle/plasma (melting) and droplet /substrate (solidification) interactions,
sin'-e this is the key to process optimizztion. In addition, a background of ---

plasto'a-arc jet theory, and development of plasma spray deposition methods is
?resev~ted [1-3j. Most of'the literature reviewed will deal with conventional
plasma spraying at relatively low jet velocities and atmospheric pressure.

PROCESS DESCRIPTION, EQUIPMENT, AND, APPLICATIONS

Process LDee.ription

.I. 0

Plasma s.pray deposition,. or "plasma spraying," is a 'process 'that combines -

particle meltiotg, quenching and consolidation in a single operation. The
process involve,; injection of powder particles (metallic, ceramic or mixed

*powders.) into a plasma jet'stream created by heating an inert gas in an
electric arc confined within a water-pooled nozzle. The particles injected
into the plasma jet. (temperatures approximately 10,000 K and higher) undergo
rapid melting and 'at the same time are accelerated toward the workpiece
surface. Rapid quenching' of the molten particles occurs when~the droplets
impact on the substrate. Coulipg rates are t~ypically 10 to 106 K/see,
and the~resulting microstructures are fine-grained (0.5 11m) and hcza,,geneous.
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Conventional plasma spraying (CPS) is normally carried out, at atmospheric
pressure. Typically, the depos'ts contain oxidation products, together with
some porosity due to incomplete melting, wetting, or fusing of deposited

particles. The problem of oxidation can be minimized by "shielding" the -

plasma arc with an inert gas atmosphere. An alternative approach is to S

enclose the entire plasma sprayi.ng unit in an evacuated chamber, which is
maintained at about 30 to 60 tort inert gas pressure by high-speed pumping.
Under these conditions of "vacuum plasma spraying" (VPS), gas velocities are
much higher (typically in the Mach 2 to 3 range), because of the higher
permissible pressure ratios. Other advantages of VPS, compared with CPS,
include higher particle velocities, %hich produce denser depo.its '(often > 98
percent of theoretical density), broad spray patterns, which produce large
areas of relatively uniform deposition, and transferred arc heating of the
substrate, which improver deposition char7acteristics. In addition, the VPS
process can be automatically regulated to make controlled deposits on complex
geometries at reasonably high deposition retes (up to 50 kg per hour).

Plasma transferred arc deposition is esse,!ntially a weld overlay process in
which the source of alloying material is a cortinuous powder feed. Normally,
the plasma jet heats the substrate to the point where some surface melting
occurs. 'ibis is an important feature of the process, since it is the means'by
which a good metallurgical bond is achieved betweern weld overlay and - "
substrate. Great care, however, *needs to be exercised to avoid excessive 0
melting of the substrate, since, by an alloy "dilution" effect, this could
seriously impair the quality ot the overlay coating.

Until recently, transferred arc technology had been applied almost
exclusively to weld overlay processing. With the advent of VPS, however, and
the effect of the low pressure environment in diffusing the transferred arc, - ..
it has now become possible to combine VPS and transferred arc technologies.
In this new hybrid system, the transferred arc can be either polarity:
workpiece (+) for heating, and workpiece (-)'for substrate cleaning.
Workpiece heating occurs via joule-type heating, whereas cleaning is believed
to occur via vaporization of thin oxide films from cathodic arc spots caused
by a field emissior effect. 6 _

Processing-'Equipment

Equipment requirements for plasma spraying include a plasma jet generator,
(typically) dc rectifiers, water cooling/heat exchanger/pump circuit, powder
feeders, gas supplies, and a control console with switches and meters for 0
power, gas, and water control. In addition to these basic needs, auxiliary
equipment might include ventilation spray booths, acoustic protection,
radiation protection (infrared and ultraviolet), manipulation devices for gas
and/or substrates, and potentially even interactive controls. When spraying
using a shroud, a'gas supply and method of injection are required, and when
spraying in a controlled environment chamber a water-cooled enclosure is S
necessary.

The typical design ofa modern-plasma spray gun (Figure 5-1), incorporates
a conical thoriated tungsten cathode (the' tip is usually molted for enhanced
thermionic emission), a water-cooled copper anode (nozzle), a gas injection
system, and a powder feed device. Gases employed 'in such a design are .-..

S• :-'F .:-0
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nutoFront Electrode (Nozzle; Anode)

Water Cooling
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Arc Gas
Tangentiallinjoction

Water Injection (High Pressure)

FIGURE 5-1 Schematic of typical plasma spray gun.

selected for inertness and/or energy content (Ar, 4~r/He, Ar/li 2, N 2 and
N2/H2), and art injected axially, or tangetially behind the cathode
(Figure 5-2); tang-ential injection achieves vortex stabilization of the plasma
flame.

Historically, power levels and nozzle designs have been one of the major
areas of development. Early gun designs operated in the 5 to 10 kW range at
subsonic plasma jet exit velocities. As nozzle cooling technology developed,
power levels increased to the 30 to 40 kW range, and jet exit velocities
became supersonic. Recently, further increases in jet exit velocities have
been achieved by incorporating -the plasma gun in a reduced pressure chamber.
Some guns in VPS systems now deliver 80 to 120 kW, with jet exit velociti1es
exceeding Mach 3. Nozzles have also been modified for better cooling, higher,, _

expansion ratios, and in some cases 'longer throat lengths. It has been
'proposed that a longer throat lessens radial temperature (and enthalpy)
gradients and increases heat transfer to the powder particles.

Efficient powder injection for optimum melting has been 'another area of
'continuing development. Because of the complexity of the problem, due -to the
high thermal-and velocity gradients in a typical plasma jet (Figure 5-3),
optimal designs have been realized 'Largely by empirical methods. In most
systems, powder injection ports are located either within the nozzle (anode),
or downstream of the nozzle, depending primarily on the characteristics of the '*

plasma gun and on the type of powder being sprayed. An additional
complication is the need to provide adequate protection against environmental
interactions after particle melting has been achieved. This is usually
accomplished by injecting a shroud of -inert gas. around the periphery of the .

jet and/or around the substrate. In the VPS system, the reduced inert-gas
pressure envirbnmeK*. p rovides the needed protection. Using such techniques to
minimize -environmental interactions, high quality, metallurgically, sound

% . . a.** 4.* *'. . . .
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FIGURE 5-2 Principles of dc plasma torch stabilization.
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FIGURE 5-3 Thermal gradients through the cross-section of a typical arc j~et.

deposits, that are well-bonded to the substrate are routinely produced by ~
piasma spraying, but the best deposits are achieved by the VPS process.

Equipment requirements for transferred ar iiocessing are similar in many
respects to those needed for plasma spraying. '.te basic requirements include
a speci 'ally designed plasma torch, powd 'er feed and gas delivery systems)
control consoles, and workpiece mani,-.ilation devices. In addition, in
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transferred arc systems, some provision is usually made for first initiating
the plasma jet in a nontransferred mode and then subsequently transferring it
to the workpiece surface. In a typical design (Figure 5-4), this is
accomplished by striking a high-frequency spark between the tungsten electrode -

(cathode) and the tip of the torch nozzle (anode). The transferred arc is. .
established subsequently by completing the dc zircuit between the tungsten
electrode (cathode) and the workpiece (anode).

Tungsten Electrode

Central as•-.- .'. .

+ .Gasi-Bo-e
PS. Powder

I° - " - * - . -
P.S.. .
2

Arc•
Workplace

Shielding Gn-

FIGURE 5-4 Plasma transferred arc gun, and deposition process.

In most systems, powders are m2erred into the plasma column using an inert
carrier gas, such as Ar or He. This can be done either within the torch . -
itself (Figure 5-4), or outside of the torch. Low melting point metallic,
powders melt almost inLtanteously in the plasma flame and, at a sufficiently
high deposition rate, form into a continuous weld overlay. On the other hand,
high melting point powders may not be fully melted when they reach the weld
pool, or may not melt at all. In advanced dual-feed systems, this feature is
exploited to fabricate composite structures, e.g., refractory carbide
dispersion strengthened alloys. Experience has demonstrated that when
appropriate shielding gases are used to protect the weld pool from oxidation
attack, deposits are fully dense and metallurgically bonded to the substrate.

Applications - .

Plasma sprayeddeposits typically have fine microstructures and contain
varying smounts of retained porosity and inclusions, depending sensitively on
deposition parameters such as power level, arc gas composition, jet transport
properties, and particularly environment. Figure 5-5 compares the
microstructures oi deposits prepared under three different types of

4 ~. . . . . .
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environment. Without the benefit of a protective atmo, here as in Figure
5-5(a), the deposit coistains many large oxide inclusion& and a hit.- density of
pores. With a protective atmosphere as in Figure 5-5(b), both the •,umbers of

inclusions and of pores are sharply reduced. However, best results are

Pchieved under conditions of vacuum plasma spraying as shown in F;gure 0

5-5(c). A typical VPS deposit has few inclusions, and the deposit density is

about 98 percent of theoretical deasity.

(a) Air Spraying Jb) Argon Shrouded (c) Yacuam Spraying

FIGURE 5-5 Co/Cr/Al/Y deposits made by various plasma spraying processes.

Plasma sprayed deposits have been used as protective coatings in corrosion

and wear applications and as high-thermal-flux barriers. Deposits have also
been used for building up worn bearing, surfaces, and for making freestanding

relatively thin-walled structures, such as refractory rocket nozzles and
ceramic bodies. More recently, with the advent of VPS, quality coatings of . .

high performance materials have become available, that are already findingA

applications in industrial gas. turbines and jet engines. Moreover,, given the

metallurgical quality of Vi'S deposits and the ability to controllably lay down
the material at temperatures over 700 K, it is 'now possible to build up thick

C>5 cm) deposits withiout sacrificing quality. Some experimental components

have already been produced by this means.

Many types of deposits have been produced by conventional plasma spraying,
* including refractory, metals (W, Ta, Mo), carb ides (Cr3C2, WC, TaC), -

borides (TiB2, trB2), 'oxides (A1203, Y203, UiO2), intermetall~ics

(Cr3Si2, MoSi;), and mixed phases (y203/ZrO2, WC/CO)- In
addition, special powders have been developed for the purpose of improving the

bond strength between deposit and substrate, e.g., self-fluxing B-rich Co- and

* . Ni-base alloy powders, 'and Ni 4 Al composite powders that experience a strong

exothermic reaction upon melting' in the plasma flame. The introduction of

vacuum plasma spraying ha3 further extended the list of sprayable materials.
Thus, advanced coatings of the MCrAlY type CM =Ni, Co, Fe, Ni/Ca) and

high-performance Ni- and Go-base superalloys can now be successfully

spray -depos ited.' Significant increases in the strengths of superalloys have

.................................- •.•..•.
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been achieved by VPS, w~hich have beit; attributed to grain .:ize refinement,
microstructural homogeneity, and solubility of solid solut'on strengtheners.
Dramatic improvements in thermal fatigue performance have aiso been found in
VPS superalloys compared to as cast material.

Microstructures of MCrAIY and Ni-base superalloy VPS d(posits are shown in
Figure 5-6. The structures are homogeneous and contain extcemely fine
precipitates. Grain sizes have been measured by TEM and are 0.25 lin or finer
in the regions that have been completely melted and resol:dified. A small -"
fraction of unmelted original powder particles, which have become entrapped inr
the deposit, can be noted in the microstructures. However, due to the small •
bize of these particles (usually< 50)lm) a post-deposition solution anneal
completely homogenizes the structure. It is because of this rapidly
solidified, extremely fine-grained, homogeneous microstri-cture that the VPS
process is attractive. The process has the potential, in one step, of rapidly
solidifying and consolidating metal particles to make a structurally sound
component. S

FIGURE 5-6 Vacuum plasma sprayed deposits of (a) .Co-29C-)Cr-6A1-1Y coating, -

and (b) Ni-Base superilloy, IN-738.

Plasma transferred arc deposits are produced in a single pass, vith
Careful control of substrate'melting and deposited powder. The optimal
microstruc~ture exhibits minimal melting of the siltst'rate and epitaxial
resolidification of they overlay deposit. The process has been widely used as
a hardtacing treatment for many years, and new applications continue to be
found. The range of applications may be increasing because of the ability nov
to create. novel composite microstructure by making' use of mixed powder feeds.
An example in shown in Figure 5-7, where the Co-Cr-W alloy matrix has been
dispersion strengthened by a high-volume fraction of TiC particles. Such a
microstructure is of interest in abrasive-wear applications.

STATUS OF SCIENiCE BASE .
The production of dense high-strength plasma sprayed, deposits requires

that: (a) a large fraction of the injected powder particles be heated to a
,molten state before they impinge on the substrate or the previously deposited

7-7---
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M.P.' .ý I

04 mm

(a) (b)

FIGURb 5-7 Plasma transferred arc deposit of TiC dispersion strengthened
Co-Cr-W: (a) low magnification micrograph of as-deposited
material showing uniform dispersio.a of TiC particles; (b) higher
magnification micrograph showing eutectic carbide in the Co-Cr-W
matrix.

-:articles; (b) the particles also have sufficient velocity so as to spread
cut and flow into the irregularities of the previously deposited layer; and

(c) a strong interparticle or particle/substrate bond be formed.
Thus a knowledge of the particle/plasma (melting) and particle/substrate
(solidification) interactions during plasma spraying is the key to the

j tundamental understanding of the process as well as for process optimization.
'Melting and solidification (including spreading and adhesion) phenomena during
plasma-arc spraying are ,critical to the control of the prc'erties of the
deposit. Most of the science base that is available in :he literature ( >95
percent) deals with conventional plasma spraying, w;.ich takes place at
relatively low jet velocities and ambient pressure spraying 5onditions. Much

£ work is. needed to understand the fundamental issues in vacuum plasma spraying.

Plasma Arc/Jet Theory

"The electri- arc used to produce the plasma is a complex physical
phenomenon that has been described or modeled by many investigators [4-71.

3 The arc is broken into three major regions (figure 5-8)--cathode sheath,
positive column, and anode sheath. The positive column represents the true

"plasma (charge equilibrium), while the anode a4nd cathode sheath regions have a
negative and a positive space charge with large voltaga fields. The positive
"column plays the most important role 'in heating the gases in devices such as

arc gas heaters and metallizing equipment [8M. However, the anode and cathode
* sheath regions strongly control the stability of the electrodes and ldcation

of the positive column, and tuhts each phenomenon must be well understood in

the design ot arc gas heaters or plasma depasitioi spray guns.

The electric arc is the energy source for &'I plasma arc heaters and

spraying equipment. In both applications, a cource gas is passed through the
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FIGURE 5-8 Schematic representation of electric arc.

arc for heating and producing an extremely hot "plasma" jet, and it is
important to get the most efficient heat transfer to the gas that passes
through the arc [9]. Improvements in arc/gas heat'transfer have been achieved
by- constricting the arc in a small chamber through which the gases pass. The
gas cools the periphery of the arc, reducing the conductivity and
concentrating the current into the "core" of the arc; this arc constriction
greatly increases the arc "core" temperature and is called "thermal pi.nch."
Increased current density further concentrates or stabilizes the arc.
Different cypes of arc stabilizations are used in the arc gas heaters: wall,
gas sheath, vortex, water, and magnetic stabilization have all been utilized
,for this purpose. Except for magnetic stabilization, all of these types of
stabilization cool and constrict the periphery of the arc (pcsitive column).
,lost commercial plasma spray deposition equipment utilizes vortex-stabilized
arc designs. Extersive work has been done on modeling these types of
constricted arcs, [10-12] and temperature profileshave been both calculated
and experimentally measured (13-16]. Depending on the arc gas composition,
temperatures in the arc have been found to range from 10,000 to 50,000 K.

Particle/Plasma Interactions

To achieve high-quality deposits, it is imperative that a large fraction
of the particles be molten upon striking the substrate. An understanding of
the melting process' in plasma-arc spraying requires knowledge of the
following: theoretically or experimentally determined
temperature profiles in the plasma stream; the dwell time of the particle in
the plasma stream, which in turn will depend on plasma jet velocity, particle
size, shape, density, and velocity and plasma gas temperature via its effect
on gas properties (density, viscosity, etc.); and the mechanism of heat
transfer from the gas stream to'the particles. It has been pointed out in
previous chapters that there is a need for diagnostics to measure and evaluate
parameters such as those listed. Much work is needed in characterizing the
plasma state as well as the interaction of particulates with the plasma flame.

% ................................
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Plasma Gas Temperature and Velocity

The temperature (heat content) and the velocity of, the plasma stream
depend on the nozzle geometry and on the operating conditions of the plasma
spray gun, i.e., arc power; gas composition, gas flow rate, and spray-vessel
pressure. For a plasma jet of relatively low gas velocity (Mach <<I), tile

temperature and the velocity at the nozzle exit can be theoretically
calculated. The mean plasma gas velocity at the nozzle exit can be derived
and is as follows [Il:,

2L

V = 2 Ap A /; [1 + (Ma 2/r)] Ml)

The mean plasma velocity, temperature, and density at the nozzle exit can all
be calculated from the experimental process paranieters, i.e., the arc power,
cooling water loss, gas mass flow rate, and the calculated H f(T)
relationship for the gas composition in use.

Theoretical prediction of the plasma jet temperature and velocity
distribution as a function of distance along the jet axis is difficult, and
thus these parameters are Measured experimentally. Although spectrometric
techniques have been used for measuring plasma'temperatures, the most often
used technique employs enthalpy probes. Plasma gas velocities have also been

measured using'transient total impact probes, water-cooled probes, and laser
Doppler anemometry (LDA). The first two t.chniquies require an estimation of
the gas temperature (and hence density) at the point of measurement. Plasma
gas velocities using the LDA technique are measured by seeding the gas with
small particles, of approximately 1-3 Vm; it is assumed that the velocities of
the particles at different Iccations represent the actual plasma gas
velocities. Typical temperature and.velocity profiles for a N2,plasma at 29
kW as a function of axial and radial distances are shown in Figure 5-9 [17].
These measurements are difficult, and the data obtained must be interpreted
with care because, as the plasma velocities increase, correction terms that
depend on the gas velocities have to be taken into account. Similarly,
difficulties exist with the LDA technique. Here small particles should be
used If they are to attain the plasma'gas velocity. However, the smaller
particles are prone to easier melting and subsequent evaporation, so that it
is rather difficult to measure the velccity profiles in the hotter regions of
the-plasma.

Although exact theoretical predictions of the effects of pla~sma operating'

conditions on gas velocity and temperature are difficult, certain
generalizations can be made. Increasing the arc power for a constant gas
composition and flow rate will result inman increase in the mean temperature,

heat content and velocity of the plasma. For a fixed arc power, increasing
the gas flow rate causes a decrease in the mean temperature and heat content
of the plasma. However, for a given material and fixed power, there is an
optimum gas flow rate at which deposition efficiency is at a maximum. At low
gas flow rates., the arc diameter is large and hen-e the center plasma core has.
a lower temperature and velocity. When arc-gas flow rates are higher than the
optimum, the plasma core temperature and enthalpy are higher, but the arc
radius is smaller due to the "thermal pinch effect."' Consequently, a larger
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plasma jet. '

fraction of particles passes through a region where the temperatures axe not --
high enough to cause particle melting and efficiency is again decreased. The,.

temperatures in the plasma core also might be too high in this case and may ... f
.cause evaporation of the particles."'"

Little information exists describing plasma deposition in
reduced-pressure environments. However, significant analytical efforts have
been applied to atmospheric plasma deposition, and this has provided a basis
for further work on VPS. In applying the knowledge gained from a,'mospheric,
plasma deposition to VPS, it must be noted that the two processes are
significantly different. There are additional complexities that need to be
considered in VPS:

1. The lower chamber pressure results in gas velocities that are
generally supersonic at the nozzle exit. As the gas velocities change
from supersonic to subsonic at some distance from the-nozzle exit, a
shock wave develops. One therefore needs to know the effect of a shock
wave on the particle velocity in the plasma flame. It is also necessary
to consider the powder-injection technique that would be most effective
in the entrainment of the particles in the plasma stream. Specifically,
should the particles be injected before or after the shock wave, in the
diverging, converging, or choked section of the nozzle?

2. As the spray chamber is at a low pressure, the plasma flame is more
diffuse and longer than that in conventional plasma spraying. This
results in a longer flight zone, which in turn affects the duration of . _4
particle heating or cooling, depending on the specific coniditions..

. . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . .
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Particle Velocity in the Plasma Jet

Powder particles upon injection into the plasma are accelerated by the
jet due to drag forces and their velocity increase3, whereas the velocity of

the plasma jet decreases due to cooling and entrainment of the surrounding

gases. At some uistance from the plasma nozzle, the particle velocity will be

greater than the gas stream velocity, and thus the particles will be

decelerating. Neglecting radial and angular velocity components, the

acc .leration of a sphere in a viscous steady flow is given as'

dV 'Cp
-P--= - (V - v )IV - V I
dt 4 D g p g p (2)

The drag coefficient, CD, a function of the particle's velocity relative to
the surrounding gas, is the sum of two different drag terms: the frictional

drag (viscous drag) and the pressure drag [181. At low velocities the
frictional drag is the predominant term and hence the drag coefficient is
mainly dependent on the Reynolds number., At high velocities (> Mach 0.5),'the

pressure drag predominates, and the drag coefficient is mainly dependent on
the Velocity (relative to the surrounding gas) of the particles (181. The

'Reynolds number is equal to , IV - V ID , where fg is'the dynamic 0

g Tg

*viscosity of the plasma gas. Different values of the drag coefficient, CDI
have been used in the plasma literature, depending on the assumptions made

regaeding the particle velocity relative to the plasma gas.

The axial particle velocity profiles• calculated using the above
formulations show good agreement with experimentally determined velocities

[191 (see Figure 5-10). However, in these theoretical calculations of
particle velocities as a function of the radial and axial distances, one ne'eds
to know the changes in the gas stream velocity, the temperature, and the

thermophysical properties (density, viscosity, specific heat, etc.) as a ýJ.
function of distance from the nozzle-exit and radial distance from the plasma
axis. This poses serious difficulties, since much of the data are not
available.

Based'on the experimental studies and theoretical analysis, it can be
concluded that:

I. The peak mean velocity of the particles increases with decreasing

,particle size; however, at a large'distance from the nozzle, the
deceleration of the smaller, particles is higher than that experienced by

large particles [20,211.' As shown in Figure 5-11, the larger particles

ettain a steady state velocity value whereas the velocities of the

smaller particles decay at an increased rate.

2. For the same particle size, the particles of a low-density material

will achieve higher peak velocities, but their deceleration rate will be
higher [21,22]. The mean kinetic energy for particles of, the same size

but different densities is also reported to be constant [221.
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FIGURE 5-10 Measured and calculated particle velocities as a function of
particle diameter and distance from torch orifice in an Ar-H2
plasma jet.

3. Increasing the electrical-power input to the plasma torch increases
the gas stream velocity and hence. the mean pavticle velocity [20,211.

4. Increasing the powder-injection velocity (up to an extent) cauzEse the
pa~rticleq to penetrate further into the high-velocity jet core and
results in higher mean particle velocities [20,23].

Gas&-Particle Heat Tran.ifer

The powd'~r particles withiai the plasma are heated by acombination of
me~chanisms: heat transfer by' conduction through the boaindary layer with (r
without convection, radiation heatitig, electron bombardment, and atom
recoambination at the surface [23]. When considering particle melting, heat
transfer across the boundary layer has generally been considered as the
dominant. mechanism compared with the other heating mechanisms,. The variots
moaels of particle heating, available in the literature, vary in the number
and degree of simplifying, assuimptions made, but they can be divided into two
broad categories:' models that assuiae that the thermal conductivity of th(
material is high enough so that there are no temperature gradients in the
particles, and models that assume that temperature gradients exist in the
particles and are controlled by its thermal properties.
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The governing equation for the heating of a spherical particle (through
the solid or liquid phase) for the casa when the particle temperature is
uniform, is given by [24,25]:

dT 6h(T -T)P = _ g P .,"-"-

dtc(3)
P DC(3

During melting (for an isothermal transformation dT /dt 0) the heat
supplied by the plasma should be equal to the latent beat required to melt the
particle [25].

The assumption that heat transferred to the particle surface propagates
instantaneously through the particle cannot always be made, particularly when
spraying particles of marginal thermal conductivity. Models that: take
temperature gradients' in particles into account have been developed by Fiszdon
and Lesinski [26], bourdin et al. [271, and Yoshida And Akashi [281. The
temperature distribution within the particle is governed by Fourier's
equation. The applicable boundary conditions vary, depending on whether the
particle is still in in unmelted state or if the particle surface temperature
is above its melting point.

%S
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Heat Transfer Coefficient

The heat transfer coefficient, h, is calculated from .ae applicable

Nusselt number, Nu = hD/kg, where k, is the thermal conductivity of the
plasma gas. Different formulationsoof the Nusselt number that may be 0
applicable under plasma spraying conditions have been reviewed by Kubanek et
al. [29] and Waldie [30]. Various investigators have used Ranz and Marshall's
[31] equation for calculating the Nusselt number for the plasma process:

Nu hD 2 + 0.6 Re1/2 Pr1/3 (4)
k0
g

and Pr kPrandtl's number) = o.g/k., where CgAg,kg are the
specific heat, dynamic viscosi~y and thermal conductivity of the gas, ..-

respectively. In Equation 4 the first term is the contribution-of the
conductive heat transfer, whereas the second term represents the effect of the 0
convective heat transfer. In application of Equation 4 the choice of a
temperature at which the plasma gas properties are to be evaluated has to be
made. Various authors have used different temperatures for calculating the
mean plasma properties. The gas properties have been generally calculated for
the mean boundary layer temperature (T + Ts)/2 to calculate the Nusselt
number. A correction factor V a 0.19 has also been used to account for the 0
steep temperature gradient. vg

A recent approach to the problerm has been to calculate the specific gas
property in question as an integrated average over the temperature range
considered i27]. -

Droplet-Substrate Interactions (Solidification)

Powder particles at the time they impinge on the substrate may be
completely molten (droplets), only partially molten, or not melted at all.
The partially melted or unmelted particles lead to low densities and,
deposition. efficiencies. The partislly or compiet ly melted particles upon S
striking, the substrate or the previously deposited layer undergo seveze
deformationas well as rapid solidification. Achieving high-densitydeposits
requires that a large fraction of particles be in a molten state (droplets)
when they impinge on the substrate.

There are three dominant phenomena that' dintate the nature of the
particle/substrate iniVractions: droplet spreading and morphology changes,
heat transfer modes, aid droplet/substrate interface adhesion.'

Droplet Morphology Change Upon Substrate Impact

In general, there are several ways in which the impinging droplet will 0
behave; the morphotogical changes taking place depend on the extent of droplet
melting and the nature of impingement. These various modes of behavior are
described as follows: -.

.7;_
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e When the spray-deposited particle is not completely molten, the
partially melted thin outer layer spreads on the deposit, whereas the
unmelted particle core deforms into a psnudohemispherical shape. The
unmelted core of the particle may also bounce-off, leaving a hollow
center in the deposited layer.

* A completely molten droplet striking on the substrate spreads out
radially in the form of-a tbin disk. In practice, however, the
deposit is not uniform in thickness and the periphery of the particle

is not circular. For modeling purposes it is usually assumed that
the droplet spreads out radially and assumes the shape of a flat, disk.

* When the resultant thin disk fails to establiah a sufficiently strong

bond with the contact surface, the outer portion of the disk either
breaks off or the edges curl up and fold in toward the center. The
curling-up of what initially started as a flattened disk is a
consequence of the internal compressive stresses set up in the disk
during freezing as well as a weaker adherence to the substrate at the
periphery, as compared to the center of the disk.

In all of the foregoing situations, the impinging droplet experiences two
simultaneous phenomena: solidification and radial flow into the form of a
disk. The terminal thickness of the droplet is determined by the
solidification rate of the droplet and by the conversion of droplet kinetic
energy into surface and viscous energies.

A simple analysis of splat cooling (spreading and solidification of a
droplet projected at high velocities onto a substrate) by Jones [32-341
indicates that the rate of the flattening of the droplet is orders of
magnitude higher than the solidification rate.' Spreading of the droplet is,
essentially complete before any significant amount of solidification has taken
place, indicating that the spreading phenomenon can be treated separately,
Thus the terminal thickness, S, of the disk (splat) is governed by the
conversion of kinetic energy into surface and viscous work. Madejski (351
offers a more comprehensive treatment by taking into account the effect of
solidification kinetics on droplet spreading, which includes viscous flow and
surface considerations'. Madejski introduces the parameter Em which is the
ratio of splat diameter to the droplet diameter:

C 2 A d (5)•m D • D _

In essence, the splat thickness for a particular material being plasma,-
sprayed will mainly depend on'tue droplet velocity and on the degree of
superheat via its effect on the surface tension and viscosity of the melt.

Heat Transfer

The quenching rate experienced by an impacted droplet is quite high, of
the order of 105 to 106 K/s. The high cooling rate during plasma

deposition influences the deposit properties; for example, microstructural

..... . . . .. . . . . . . . . . . . . . . . . . . . .. -.
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variables and parameters such as degree of supercooling possible, deposit
grain size and dendrite arm spacing, and the presence of metastable phases,
supersaturated solutions, cr glassy phases. The cooling rate experienced will
also izfluence the interparticle and particle/substrate metallurgical bonding
(solid state diffusion or substrate fusion). Moreover, from a practical point -

cf "iew the m,-ximum deposition rate will be dictate' by the realized cooling
rate at the suostrate interface. This is particularly important in the case
whera thick ceposits must be produced.

When interface-controlled heat transfer is dominant, there is poor. thermal
contact between the splat and the substrate; the Biot No. <<I and the .
temperature gradients in the splat and Eubstrate can be neglected. Assuming
that solidification occurs immediately below the melting point (supercooling
is absent), then che following equation applies above and below the isothermal
delay time at the melting poirit [361:

dT h (T - T)
d _ sub d

d-t_ Sp (6)Spp~p-."-:

When the Biot number is large (h÷o') there is no discontinuity in the . .
temperature at the splat/substrate interface (or previously deposited layer)
and relatively large thermal gradients exist in the splat and the substrate.

it is difficult to ascertain for a given particle-dropiet/substrate system
whether heat tranafer iu interface contact, ideal, or intermediate between -
these two ranges, since the degree of interface contact (i.e.,
particle-substrate or particle-particle adherence) depends on numerous process
variables, such as particle velocity, degree of superheat, substrate surface
finish, and temperature, in addition to the chemicophysical properties of the
splat and substrate materials. Furthermore, ýhe presence of surface oxides or
splat edges curling upward will reduce the heat-transfer coefficient and
therefore reduce the expected cooling rate. Plasma spraying onto a polished 0 6
surface generally causes a weak deposit/substrate boud due to peeling of the
splat edges. TEM studies on splat cooling have indicated that the direction
and mode of heat transfer are much more complicated. The results of one study
indicate that heat is extracted through the substrate in the core region
(which is in contact with the substrate) whereas the rim section solidifies by
conducting heat to the core region [37]. The mechanism of heat transfer as
proposed by Safai and Herman [37] for a splat whose rim is not in contact with
the substrate is shown in Figure 5-12. A systematic study of the
particle/substrate or interparticle interface heat transfer coefficient, h, as
a function of the plasma spraying process variables has not yet been'carried
out.

Particle/Substrate and Interparticle Adhesion

The deposit/subetrate and the interparticle adhesion are of great concern
since-(a) the degree of contact between the particles or between the droplet
and the substrate affects the interface heat -transfer coefficient, h, and thus
the cooling rate experienced by the deposited 3plat and (b) the nature of

. . .. . . ..
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FIGURE 5-12 Schematic diagram of a particle after imping-*ng onto a flat
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S

adhesimn governs the effectiveness of the sprayed deposit as a-protective
coating. A weak deposit/substrate bond will cause spalling of the deposit
under Li.ermal/mechanicai loading as well as cerrosion failure.

The interparticl~e (and deposit/substrate) fidhesion mechanism-can be-
classified into three major categories (it mu~jt be noted that more than or.-;
mechanism might be operational):

0 Mechanical bondingi A molten particle striking an already solidified
splat or a roughened surf ace-, given that it has sufficient fluidity,
will assuime the surface topography. The mnechanical interlocking
between the protrusions of the deposit and substrate will lead to A
mechanical adherence.

* MetalluxgicAl bonding: Metallurgical adherence is the result of
formation of an interdiffusion ione or an intermediate compound
týetweern the-<sprayed material and the substrate.

* Physical bonding: The action of the Van der Waal forces between th.,
deposit and substi~ete material is termed physical bonding.

The bonding between the coating and substrate is generally a result of two
or more bonding mechaniisms oroerating simultaneously; however, the degree to
which a particular mnechaniism isa operating is a strong function of the
materials involved and the process vatiables (droplet and substrate
temperatures, droplet velocity, surface finish of the substrate, etc.). *

Surface topography of the substrate is considered a major variable affectin4
the degree of mechanical bonding between the deposit and the substrate. Grit
blasting, surface grooving, and undercutting'of the substrate have been

,,. .. .'
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used to promote interlocking between the coating and the substrate. It is
hypothesized that, besides increasing the mechanical interlocking, surface.
working of the substrate exposes more clean fresh metal for bonding [381 and
also increasea the defect structure of the substrate surface, thereby
increasing its reactivity with the impinging droplet.

CURkRENT RESEARCH AND DEVELOPMENT

Plasma deposition is a very complex phenomenon requiring the control of
many variables in order to produce high quality deposits. Many of these
variables are not well understood and require additional atteation. Among
these is a better understanding of melting and solidification during plasma
spraying. For the sake of analysis, melting and solidification have been
discussed separately. In reality, however, the two phenomena are highly
interrelated', and the extent of plasma-particle interaction has a dominant
effect on particle-substrate interaction. For example, the momentum, -

viscosity, temperature, thermal conductivity, and size of the Impinging .
particles (droplets) greatly affect the solidification process at the
interface with the substrate.

It must be remembered that the entire plasma deposition process occurs in
a highly dynamic environment. The particles being sprayed are not of the same .'-"

size and hence follow different trajectories through the plasma jet. In
applying any of the governing heat-transfer equations, one must take into
account the changes in the physical properties of the gas and the applicable
drag and heat-transfer coefficients because of the spatial variation in the
plasma gas velocity and temperature. A review of 'the literature shows that
there is no general agreement with respect to the applicable drag and
heat-transfer coefficients for pl~sma-spraying conditionc. Further work. is
needed. Most investigators have used relationships developed (via dimensional
analysis and empirical correlations) for relazively large particles in gas,
streams of low temperatures and velocities. It is only recently thatSaycgh
and Gauvin [39,40] have analyzed the problem of heat transfer to a sphere,
taking into account the changes in gas properties in the vicinity of the
3phere owing to the steep temperature gradient existing there. Moreover, the
available experimental data are mainly for stationary particles of relatively
large size (2 to 6 rim) and no attempt3 have yet beenmad? to show that the
correlations obtained are valid for the smaller particles used in plasma
spraying (typically 40 lrm). In e review paper, Waldie (301 has stipulated
that for smaller particle sizes (and in the limit as the particle size
approaches the mean free path of the plasma gas) noncontinuum effects become
significant and the Musselt number would be lower than that calculated by any,
theory based on continuum mechanics. That this is indeed the case has been
shown for atmospheric plasma spraying by Chen et a). [41]. With plasma
spraying under a reduced pressure environment (as in VPS) these noncontinuum
effects will be even more domiaant and will~cause significant lowering of the
momentum and heat transfer to the powder, particles [421. Experimentally
measured particle velocities in the VPS process are reported to be much- lower
than expecced from calc'ilations based on continuum mechanics [43].

Droplet-substrate interactions in plasma deposition paral-lel Lnose
already established for various types of splat cooling. Aspects not hitherto. ."-

considered include consideration of transient effects during 3nd after

Wild...-
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spraying and their effect on deposit structure and properties. Droplet shape
immediately after impact has been shown to influence both cooling rate and

L i metallurgical bonding quality. Additional studies are clearly required to
better define the range of droplet shapes that can occur during plasma
deposition and to determine whethe-r preferred shapes can consistently be
controlled. Substrate temperatures will also affect droplet shape and
bonding, but their effects have not yet been systematically evaluated. The
effect of the relative gun-to-substrate motion also needs to be studied for
its influence on substrate temperature and the relative uniformity of thedeposit that can be achieved. The allowable impact angles for droplets
impinging upon the substrate need to be evaluated if parts having complex

shapes are to be manufactured.

Off-design operation of the plasma gun will affect particle melting,
solidification, and deposition problems. This occurs in a real sense during
actual processing, owing to anode wear by arc erosion and, to a lesser extent,
by fluctuations in power supplies and associated control equipment. The.
challenge for the success of plasma deposition as a fabrication method for
high-performance components may well include the need for a low level of
process sensitivity to off-design conditions. A better understanding of the
importance of these effects and how they can be controlled is'required before
high-performance structural shapes can consistently be produced by plasma

* deposition.

The technic!. challerges are clear, as are the rewards for meeting them.
Plasma deposition, especially in low-pressure environments, is one of the few
processes by which fully dense, near-net-shape structures can be produced,
"with rapid solidification and consolidation combined in one step.

NEW OPPORTUNITIES

"Plasma Spraying

Historically, research and development in plasma spraying have been
concerned primarily with (a) gun designs (power levels, nozzle shapes, cooling
"schemes, electrode life, focusing of plasma flame, etc.), (b) particle
"injection techniques (upstream vs. downstream, injection angle, powder mixing,
"exothermic reactions), (c) environmental controls (inert gas injedtion,
shrouding, reduced pressure), and (d) metallurgical consequences of varying

* critical process parameters (jet exit velocity, temperature profile, powder
spray pattern, melting rate, droplet quench rate, etc.). There is little
doubt that continuing research and development along these lines are needed to
further optimize plasma spraying technology. In addition, it seems
appropriate to augment such activities with new initiatives that are targeted
on specific problem areas or 'are aimed at 'exploiting new types of powders as
they become available.

"ID Torch Design

There is an urgent need for a convenient method to apply protective
coatings to the ID of pipes. Adaptation of currený gun designs to'ID units is
probably-not workable. New designs will have to be developed, e.g., it has

* been proposed that pipe internals be. coated by exploiting the radially

. .. 
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symmetric spray pattern developed in the impingement zone of two oppositely
directed plasma spray jets.

Technology Transfer

The most extensive use of plasma spraying has been made in the gas
turbine engine industry. A need exists to transfer this technology, including
new materials and processes, to other industries, where it would greatly
benefit productivity thruugh improved performance and reduced material cost.

For example, industry at large would derive substantial benefits from applying

advanced plasma sprayed coatings to conventional low-alloy substrate
materials. In general, this will necessitate further development of robotics

and associated hardware in order to apply overlay coatings to large, complex

surfaces such as chemical processing vessels, storage tanks, and pipe reactors.

Efforts should also be made to adapt technology already established in

Japan (automobile engine valves), Western, Europe (piston coatings) and the
Soviet Union (catalyst coatings in diesels) to our own commercial internal
combustion engines. Along with this, new capabilities for underwater plasma
spraying (firmly established in the Soviet Union) need, to be developed. In
this regard, a worthwhile target would be to perfect a plasma sprayed
"antifouling" coating for ships' hulls to reduce drag.

Real-Time Control

To achieve, reprcducibility in plasma spraying, real-time process control
will be necessary. Efforts should be made to perfect fast-response sensing''
devices to obtain the real-time enthalpies necessary for process control. New
instrumentation techniques must be developed that are capable of handling the
high temperatures of the plasma stream and that can measure temperatures, gas
velocities and particle velocities.

*[ Post Deposition Treatments

For many cri.tical application., plasma sprayed deposits are inadequate.
This is because the deposits are lacking in density or may not be sufficiently
well bonded to the underlying substrate. To overcome these deficiencies,
post-deposition treatments such as laser melting (glazing), hot isostatic
"pressing, rapid omnidirectional compaction, or shot-peening need to be
"investigated. Some work has already been done on combining plasma spraying

* and shot-peening in a new "spray-peening" process.

* Rapidly Solidified Powders and Ribbons

*} The availability of rapidly solidified powders and, ribbons in the
amorphous or microcrystalline conditions presents further opportunities for
generating unique microstructures in plasma sprayed deposits. Materials in
either of these two forms can be fed continuously into the plasma flame and
sprayed. onto the Substrate. However, to ensure that the initial metastable
state is recovered during deposition, a high quench rate is necessary.

" Process modifications need to be devised to guarantee high quench rates, such
as cross-blasting to direct the plasma flame away from the region of
deposition on the "dbstrate. By this means, it should be possible to generate
amorphous coatir..s and even amorphous free-standing bodies.

%-
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, -- " Injection of CVD Precursors

The fabrication of fine particulates by injecting CVD precursors ivto a

-" plasma flame is a familiar process. A good example is the synthesis of silica

particles by thermal decomposition of organosilicon precursors in a plasma

V flame under oxidizing conditions. By reducing the residence time in the

plasma, or by selecting precursors that have more sluggish decomposition

"* kinetics, the plasma will contain molecular fragments (free radicals), as well

as small particles, that will tend to react and form a continuous film on the

substrate.

A particular advantage of this plasma/CVD'process is its inherent

flexibility. It is not hard to imagine the synthesis of
*" dispersion-strengthened materials from mixed precursors, which have radically

different decomposition kinetics. Again, possibilities exist for insitu

fabrication of layered structures, simply by switching from one gas feed to
another, as required. At high enough temperatures, with correspondingly short

residence times, very high deposition rates should be attainable. Thus, it
"seems entirely practical to employ the plasma/CVD process in coating

applications.

Near Net Shape Fabrication

,'. The advent of vacuum plasma spraying has changed the picture

fundamentally with respect to near-net shape fabrication. The supersonic
velocities of the plasma flame, high deposition rates, and broad spray

- patterns characteristic of VPS permit the incremental buildup of sound (i.e.,
- pore-free), bulk structures, as well as providing the microstructural and

property benefits of rapid solidification processing.

*. Progress has already been made in the fabrication of prototype gas

turbine engine components, e.g., combustor's and airfoils. However, a need
exists to apply this technology to the near-net-shape fabrication of general

*' engineering comDonents, such as bearings, extrusion dies, valve bodies, pipes,
casings, and sleeves.

Plasma Transferred Arc Deposition

The evolution of plasma transferred arc deposition, as in the case of

plasma spraying, has beer paced by advances in'torch design, powder feed
capabilities, and environmental control systems. 'Today, effort's to improve on

* these capabilities continue, with the emphasis on computer control and powder
delivery-systems. Already, numerically c'ontrolled work stations for

* hardfacing simple geometrical shapes are available, and experimental robotic
- systems are being developed. Powder feed capabilities continue to improve, so

"that today up to four different powder feeds can be incotporated in systems of

* advanced design.

Considering the present status of transferred arc technology, it seems
"" that further research and development should be directed toward achieving more

"reproducible microstructures via real-time process control and creating rovel

"composite structures by exploiting mixed powder feeds.

"*.
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Computer Control and Automation"

Despite the real progress that has been made in computer control and

automation, much still remains to be done. In particular, there is a need for
a versatile, reprogrammable robotic system toapply hardfacing treatments to
the variable geometries encountered in production operations, such as valve

seats, and slide valve and bearing surfaces.

Novel Composite Structures

It has been demonstrated that, by effective control of the residence time
in the. molten pool during hardfacing, particles of TiC can be injected into

the melt without undergoing complete dissolution. Thus, a unique composite
structure can be produced. that contains a high-volume fraction of TiC
particles in a conventional alloy matrix. This is an exciting development in
hardfacing technology, and efforts should be made to determine its
applicability to other alloy systems of interest for wear applications.

Dispersion-Strengthened Alloys

At the present time, the only practical method for fabricating inert

particle dispersion-strengthened alloys is by mechanical alloying. Typically
such materials contain uniform dispersions of very fine oxide particles, or
particles of other inert phases in a metallic matrix. The mixed powder feed
capability of advanced transferred arc systems suggests a new approach that
exploits the principles of displacement reaction processing. Thus two
different feeds are rapidly mixed and melted together and in so doing react
insitu to form the dispersion-strengthening phase. If the residence time in
the molten state is sufficiently brief, the new phase will remain as a fine
dispersion, and the resulting solidification product will be
dispersion-strengthened. Many interesting alloy systems need to be examined,
including Y2 0 3 dispersion-strengthened superalloys and A1,2 03
dispersion-strengthened copper.

Post-Deposition Treatments

As in the case of plasma spr'aying, possibilities exist for further
improving properties of the deporsited material by post-deposition surface
treatments. An interesting case is the application of laser surface remelting
to the relatively thick transferred arc hardfacing deposits in order to
achieve rapid solidification of the alloy matrix without significant
dissolution of the dispersed phase. Selective melting of the matrix in this
way, with' or without the benefit of subsequent heat treatment, opens the door
to possibilities for optimization of the matrix properties without sacrificing
the benefits'derived from the hard-phase dispersion.

" " :.. . . . . . . . . . . . . . . . . . . . . . . . .
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CHAPTEa 6

THERMAL PLASMA SYNTHESIS AND CONSOLIDATION

The use of thermal plasmas for the preparation and processing of metal
and ceramic powders and their mixtures has proved to be commercially
attractive in a limited number of instances and is a subject of continuing
interest. Current applicatioths include the production of submicron powders,
particularly refractory ceramics, the spheroidization and densification of
powders and presintered conglomerates, the preparation of high-purity _

materials and metastable phases, the deposition. of abrasion and
corrosion-resistant coatings, and the production of sintered materials. To
find commercial application, the relatively h-*gher processing costs of using
plasma processing must be offset by some superior materials' properties.
Review articles on these subjects include thoEe by Mahe [1], Samsonov [2], -

Drost [3], Waldie [4], Sayce [5], and Thorpe [6].

In this chapter the following topics relevant to thermal plasma synthesis
and consolidation are considered in turn:

1. The equipment available and nacessary for synthesis and consolidation.
2. The general features of processing powders in thermal plasmas. 0
3. The interaction of injected gases and particulates with the plasma.
4. The production of submicron particles of refractory materials.
5. Material dissociation, spheroidization and densification by plasma

heating.

Within each of these, topics, the status of our current understanding and of -

current research and development efforts are discussed.

EQUIPMENT REQUIRED FOR SYNTHESIS AND CONSOLIDATION

The equipment necessary for plasma processing it' relatively inexpensive,
and the required plasma generators are,' in many cases, commercially -
available. Alternating and direct current heaters and rf plasma generators
have been developed in a wide variety of designs and over a power range Lrom a
few hundred watts to 50-MW [7].

i05
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As an example,- Figure 6-1 shows the electrode assembly of a
convection-stabilized arc plasma reactor [8]. For controlling the arc
atmosphere, the electrode assembly is mounted in a reaction vessel. In this -

configuration, the arc is operated between a sharp-tipped cathode and a
graphite ring-shaped, anode. The cathode assembly contains three convergent 0
flows arranged concentrically around the cathode. The flow passage adjacent
to the cathode supplies the gas that is necessary for feeding the cathode jet,
followed by several orifices for the injection of particles. The outermost
passage carries the shrouding gas for convective stabilization of the arc.

This design is similar to the "fluid convection cathode" introduced by Sheer
et al. [9,10]. 0

H 20 In

0S

/'\\ SHROUD GAS SLOT

CARRIER GAS PORT "CATHODE GAS SLOT

SUPPORT MOUNT I-ARC - .

o 0

TUNGSTEN 6
ROD GRAPHITE RINGI ANODE

PLASMA JET

FIGURE 6-1 Electrode a sembly of a convection-stoblilized plasma reactor.

Figure 6-2 shows calculated; and measured isotherms [81 of this arc
operated in argon atmosphere. Temperatures close to the cathode tip may
exceea 20,OUO K. This design lends itself to extremely high reaction rates
because of the high temperatures to which the injected particles are exposed.

Another experimental plasma reactor is shcwn in Figure 6-3 [I11. The.
basic parts of the reactor are a conventional swirl-stabilized plasma torch, a'

reaction duct, and a' coll ction chamber. Reactants are injected into the
plasma stream through an injection ring immediately downstream of the torch 9

nozzle. Chemical reactions take place in the segmented 10-mm-diameter
graphite reaction tube; its length can be adjusted by adding or removing a
number of graphite segments. The plasma torch is operated with argon in
either the nontransferred or the transferred mode. In the nontransferred
mode, particles are injected into the tail flame (plasma jet) emanating from

.......... .o.• . ..................... .................-......•...°,,,',• .. ••. '.......-'...'o '-
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Figu .re 6-4 refers to a typical rf plasma torch (12]. Since the
appearance of the plasma resembles that of an arc, this'discharge is also-
known as an "induction arc"-or as an "electrodeless, arc." The plasma is
separated from the induction coil by a quartz tube, which may be replaced by a
ceramic-tube, or by a longitudinally slotted metal tube [131.. Since the A
plasma is not in contact with electrodes, this type of plasma torch is of
particular interest if extremely pure products are desired. In addition, the
rf torch provides more flexibility in terms of the size of the produced plasma
volumes compared with arc torches.
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In contrast to arcs that exhibit a temperature maximum in the center,
inductively coupled rf discharges show off-axis peaks, as indicated in Figure
6-5 [141. In general, the maximum temperatures in rf discharges are
substantially lower than those in arcs. The average temperatures range from
around 4,000 K to approximately 10,000 K.

9 x 103

T[K]

6 I I I I I . ... .

1 2 3 4 5 6 7

r [cm]

FiG(Uk. 0-j Typical temperature distribution in an induction-coupled rf
plasma.

The ac and dc arc heaters usually are operated with high mass flow rates
and high gas velocities (100 to over 1000 m/sec). The residence times of the
gases in the hot reaction zone are short (of the order of a few milliseconds,
or shorter), and strong axial gradients result in extreme heating and cooling
rates (106 K/sec). High-frequency plasma generators usually have a more
uniform temperature profile (Figure 6-5), smaller temperature gradients, and
lower flow rates ( <200 m/s) and therefore lower heating and cooling rates and
longer gas residence times [15],. To obtain'some of the advantages of both
designs, a few hybrid plasma generators have been developed [16). Most of the
plasma generators presently available are not optimized for a single process.
Recent progress in the description of process kinetics [171 will help in
uefining the optimum conditions for a certain reaction and consequently, in .
the optimization of the plasma generator for a specific application. Scaling
laws will have to be established for the design of plasma generators in a size
requi red by process optimization and economics. In this context electrode
erosion in general and compatibility of specific electrode materials with
certain reactant/product mixtures in particular is of great importance.
Electrode erosion may lead to contamination of an otherwise very pure
substance, or it may increase downtime of a certain reactor. A better
understanding of the erosion process Would aid in the successful development
of plasma reactors.

Another consideration in hardware development is the possibility 'of
retrofitting the plasma reactor into an existing process plant. .9-.

FEATURES OF'POWDER PROCESSING

Plasma processing of powders to produce' altered or reacted powders is a
sufficiently novel technique and many features are not well appreciated.

.... ....... ....... . .. .... . .... .... -...
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0 Te therwal plai3ma is very hot, on the order of 14 K. Injected
chemical species, especially in. the gaseous phase can also reach or
come close to these temperatures.

* At these elevated temperatures', reaction rates are much faster than
those encountered in conventional,processing. Reactions that might
require hours under conventional conditions are completed in -

fractiors of a second.

* Because of t'hle relatively high velocity of injected gases and of
particulate matter into a thermal plasma, the entire process of •
heating, melting, evaporating, and reacting must be completed in a.
few milliseconds. Successful application of plasma processing will
depend critically on the ability to control the reactant-particles'
trajectories and temperature histories in the reactor. Failure to do
so will re~sult in inhomogeneous products [18].

* Quench rates for product powders are also very rapid, From
measurements and/or calculations of the temperature and veloc'ity
profiles within the reactor, one can show that typical cooling rates
for products of dc reactors are in the range from 104 to 106
K/sec."-

* Because of the rapid nucleation rates, the product powders tend to be
submicron-sized. This has 'a distinct advantage for some applications
where submicron sized powders are desired, but it is a distinct

disadvantage in the broader area of powder metallurgy, where larger
particles are required because of ease of handling and more
re~sistance to contamination.

Because of the rapid nucleation .rates, the product powders may not be
in equilibrium. For example, the product may be amorphous or may be
the high-temperature phase. Heterogeneous nucleation, caused by
simultaneous condensation of two phases, can cause additional
metastable structures.
* Tne submicron powder size is ideal for detailed engineering and

scientifi: studies of initial particle nucleation and growtr. from
gas-phase reactions.

* Processing is continuous and relatively easy to control and monitor,

and thus it lends itself to automation (robotics).

INJECTION OF GASES AND PARTICULATES INTO PLASMAS

A key problem in thermal plasma synthesis and consolidation is the
incomplete understanding or the interaction of gases and particulate matter -
with the plasm#. Particulate matter is usually injected into a plasma by
means of a carrier gas. This carrier gas may be inert or it may participate
in the desired chemical reaction.

The proceps of gas injection and gas mixing has been extensively studied

for gases at lower temperature levels at which the transport properties may be

• . .. ... •'
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taken as constant [19-231. Earlier work, particularly by NACA in the lat"

1940's and early 1950's is summarized in the references cited. Only recently,
basic studies of the injectionand mixing process involving hot plasmas and

cold gases have been initiated [241. The injection and mixing process is, in
this case, more invclvea because of the drastic changes of the transport

properties with temperature.

In the development of arc gas heaters, lower average temperatures have
been achieved by rotating the arc in a continuous flow of cold gases. As an
example, Figure 6-6 shows such a reactor in which the arc rotates from the
action of a superimposed magnetic field [25]. This approach may give rise to .
serious electrode problems if chemically reacting gases are utiliLed.
Injection of such gases into the plasma emanating from a plasma torch
eliminates these problems.

.0

COOLING WATER. •
WATER OUTETCOOLING IN T O TLT ,, . , .. '-.-'

WATER MTROGEN i FIELD COILOUTLET iN4LET ROTATING "
t ARC,:- -- -

COOL,40 . -G:--'
WATrER l,. •

TUNGS TEN T .-'TPOVER
CATHODE ANODE'

FIGURE 6-6 Schetiatic of a magnetically spun arc in a wide-nozzle plasma
torch.

In comparison to the injection of inert gases is carrier gases and/o: r
diluents into thermal plasmas, the injection of chemically reacting gases for
forming or breaking up certain chemical compounds may be even more important.
It is obvious that the simultaneous chemical reactions add further complexity -

to this complicated mixing process.

All heterogeneous plasma synthesis as well as plasma spraying - 0
applications involve the feeding of particles to a reactor or the collection
of particles from it -or both. Plasma treatment is an expensive unit operation -

in which high conversions per pass are a prerequisite for economir viability.
The extremely short residence time associated with most plasma applicatione
(lO- 3 sec) makes it imperative that high degrees of both spatial and temporal .
uniformity are achieved in particle feeding if high conversions without .--

overreaction are to be obtained.. Since the majority of plasma treatments-are
heat transfer controlled, a minimum of cold gas should be' used to inje.ct the . "
particles.
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No commercial feeders are completely suitable for plasma processes. Both
laboratory- and full-scale plasma torches require feed rates that are mnuch
smaller than those used in more conventional processing methods. Scaling up
from laboratory results to full-scale equipment can lead to, large
discrepancies if a totally different type of feeder is used for the two.
Finally, some procesces require operation in carefully controlled atmospheres,
which is often diificK:4L with conventional equipment.

Injection of particulate matter into thermal plasmas is a commercially
- practiced technique in connection with plasma spraying over a wide spectrum of

materials ranging' from plastics to refractories. (See, for example, Figure
[ 5-3 in Chapter 5.) Details of the particle injection and of the processing
* occurring within the plasma, however, are still not well understood despite

increasing efforts in this 'field [26-37].

Finally, the question of product collection and product separation should
be addressed. Many plasma processes produce a valuable solid entrained in a

* very-high-temperature gas stream. Since the loss of any of this product will
add to the oierating cost, it is evident that gas-solid separation at high
temperature is very important for the success of a plasma process.

The only systems available for gas-solid separation at high efficiency
for very fine particles are filters aqd electrostatic precipitators. Both of

* these have rather modest upper operating temperature limits, which means that
a quench of theplasma stream is required before the separation can be carried
out. Many plasma products are pyropho-ic because of their small size and

Sreactivity. Here again, special controlL.d-atnosphere systems may be required.

Among the various plasma processing routes utilizing particulate matter,
* two major categories mnay be singled out:

1. Physical processing, wherein the plasma's heat induces phase changes,
i.e. melting, evaporation, and also crystal structure changes.

2. Chemical processing. wherein the plasma induces one or more chemical
reactions.

* In the first category the heat transfer process is of particular
importance; it is much more complex than in an ordinary gas becauae of the
presence of charged particles [371. The boundary layer between a plasma and a
solid or liquid body, for example, is no longer in a state of thermal

* equilibrium. Diffusion induced by extremely steep gradients of particle
densities and temperature causes substantial deviations from chemical
equilibrium, so that the boundary layer is in a more-or-less "frozen" state.
In highly ionized plasmas such a "frozen" boundary layer gives rise tO
"substantially higher heat transfer rates than one would expect in an
equilibrium situation [37-38]. This fact is of great importance in actual

* applications in which high heat transfer cAtes are desirable. The high heet
- transfer rates allow a short dwell time of the particles in the plasma, which

in turn means high throughput rates using relatively small plasma volumes.
- The high heat transfer rates during the dwell time of particulate matter in a

*.* . . . . . .*.
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plasma as well as the high quenching rates imposed on the particulates as they
leave the plasma may result in unusual materiel properties which cannot be
realized by any other known process.

Processes falling in the second category are much more complex because,
in addition to the physical changes typical for the first category, one or
several chemical reactions may be induced, either on or within the particle

S.itself or in the gaseous phase after evaporation. The kinetics of the various
reactioas is poorly understood, although attempts are under way to establish
suitable models [39].

SYNTHESIS OF SUBMICRON PARTICLES

So Increasingly, thermal plasmas are being used to process submicron powders
"of high-quality refractory materials. The plasma-processed powders are

extremely fine (O0.01-0.1pm). While not used frequently by themselves, the
powders can be blended with coarse powders to improve densification in
subsequent processing operations [40]. In some cases the submicron powders
are directly sintered without blending. Silicon carbide (S-SiC) is one such
example.: Plasma-produced silicon carbide has superior mechanical and thermal
properties in applications such as heating elements [11]. Nearly all binary
refractory carbides and some refractory nitrides and oxides have been
synthesized in plasmas' by gas phase reactions [42-53]. Recent results also
show that ternary carbides can be synthesized either f.rom the elements or by
"direct reduction of the oxides and simultaneous carbide synthesis within the
plasma reactor [54].

A number of submicron oxide powders have been produced in a plasma. Such
powders have a wide range of uses in surface casting, high-density ceramics,
pigments, catalysis and dispersion strengthening of metals [5]. Three plasma
techniques have been explored: reaction of volatile metal chlorides with
oxygen; evaporation and subsequent conaensation of oxide powders; and
evaporation of bulk oxides. Industrially, TiO2 and high-purity SiO2 are

produced by the chloride process. Mixed oxides of chromiA and titania or
chromia and alumina have been processed by introducing mixed chlorides into
the reactor 155,56]. Korman, et al. 110] found that plasma-processed silica,
has properties similar to silica commercially produced by other techniques.
"Fine silica is used in paint, polymers, and cosmetics.

A hydrogen plasma, created by a dc arc, has been-used to heat vaporized
metallic halides, which react to form submicron (0.1 t6 0.5 jim) ceramic

* powders [57]. Small-scale production of SiC, TiC, and TiB2 has'been
accomplished with a 125-kW pilot reactor. In the case to TiB2 , titanium
tetrachloride and boron trichloride are mixed with excess hydrogen to yield
the boriae and hydrogen chloride. The resulting powder can be cold pressed
and sintered. The TiB2 thus produced has an electrical resistance in the
range.of 7 to 15 micro-ohms cm and has been shown to be useful for cathodes in
the Hall process'for alumina reduction.

Previous research shows' that a wide variety of compounds and alloys can
be directly synthesized in submicron powder form by plasma processing (58].
"Injection of coarse powders into a plasma generally reduces powder size to
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submicron sizes, although this seems not to be true for transition metal
nitrides. Flasma synthesis also appears capable of combining & number of
processing steps, such'as oxide reduction and alloying, into one processing
step, but this area has not been well researched.

PLASMA DISSOCIATION, SPHFROIDIZATION AND DENSIFICATION OF MATERIALS

"The goal of preparing a known material in an easier way has been
S-" successfully accomplished in the.synthesis of zirconia [591.

Plasma-dissociated zircon is prepared by passing zircon sand through a plasma
furnace, which melts and resolidifies the sand as a spherical particle

Sconsisting of zirconia dispersed in silica. The zirconia is obtained by
leaching away the silica.

Commercially, fine particles are being spheroidized in a plasma for a
var~iaty of application3, including materials with a controlled porosity,
catalysts [60,61], abrasives, and materials to' transfer ink in photocopiers.
A wide range of different materials have been spheroidized, including oxides
[61-661,and carbides [63,67].

In the case of refractory particles injected into a plasma stream, the
spherical liquid droplets that are produced rapidly solidify upon cooling.

* This may be simp'ly useful in producing free-flowing powders, but it may be
more valuable in certain ceramics, wherein metastable forms, especially the
amorphous state, are produced. Mullite and certain other aluminosilicates
have been found to form as glasses in particle sizes <2011m. Such

"observations suggest the possibility of producing fully dense, ultra-fine
grained ceramics by hot pressing certain normally crystalline ceramic powders

• .in the glassy (viscous flow) conditicn, followed by controlled
devitrification. Although this has not been accomplished to date, such
research should be encouraged [68].

Plasma densification of presintered agglomerates of metals--e.g., W,
"Mo-and of carbide-metal mixtures--e.g., WC-Co--have been used to produce

p spherical, densified powders. If mixtures are used, prealloying or
"" homogeneous composite particles are accomplished. The powders because of

'their spherical and smooth 'surface form, possess excellent flowability, which
is beneficial to subsequent pladma coating operations [691.

It has been demonstrated that plasma sintering leads to higher densities
in shorter times at lower temperatures than conventional sintering 170-74].
Plasmas generated in a microwave cavity and a hollow cathode have been

.. observed to enhance the sintering rates of a number of oxide powders, e.g.,
A12 0 3 , BeO, and HfO2 . In the case of lithia-stabilized alumina beta, an
ind ,nuction-coupled plasma at atmospheric, pressure has been used to produce
sintered densities z98 percent of theoretical in times in the order of.90s
[74,751,

S:.CONCLUSIONS

The synthesis and consolidation of materials by thermal plasmas has

largely been accomplished by iterative empiricism. To improve our

!--. • .



understanding and advance the technology, research and development activities
are required that are directed toward:

0 synthesis and consolidation' equipment, which consider the specifics

of the heat transfer process, plasma reactions, and reactor
optimization;

0 injection of gases and particulates into the plasma, which consider
gas/particle/plasma interactions and systems for introducing
chemically reactive gases and particulates;

0 studies of submicron particle formation and growth in the plasma

environment; and

* the rapid densification that can be accomplished by plasma sintering.

The most important opportunities for this technology appear to involve
the production of submicron oxides, the elemental synthesis of carbides and
nitrides, oxide reduction and alloy synthesis in one .step, thermal plasma
dissociation of compounds, spheroidization and-densification of porous
particles, and plasma sintering of ceramic powders.
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CHAPTER 7

PROCESSINC OF MATERIALSS
USING LOW-PRESSURE, NONEQUIL113RIUM PLASMAS-

Low-pressure, low-temperature gas discharges (cold plasmas)' are being

used in a diverse and expanding number of applications that have in common, the
objective of modifying the surfaces of materials. These applications involve
a variety of interactions, both physical and chemical, of plasmas with solids . S
and cover a broad spectrum of topics borderin o ny disciplines. It is not
our intention to provide here an inclusive or exhaustive coverage of the
subject, matter; instead we' will focus on a few applications that illustrate
some of tb unique abilities of.- plasmas to modify surfaces and produce
end-products with substantial technological and economic significance.

Modifications of solid surfaces arising from, interactions with cold
plasmas can be broadly classified as follows:

* Surface Cleaning and Alteration--ýCold plasmas are used to remove
trace contaminautit as wiell as to 'produce rearrangement of atomic or
molecular configurations, usually, in preparation for further -6

processing of the surface. Examples include the removal of
contaminants from substrates prior to film deposition [1) and the
treatment of polymers to increase we'Ltability or produce molecular
weight changes in~near-surface re~gions [2].

* Chemical Alteration--The chemical composition of surface and S
near-suirface regions 'can be altered by interactions with plasmas..
Oxidizing (e.g., by plasma anodization), nitriding, carbiding, and
siliciding of metal or semiconductor surfaces are examples [2).

a Etching--Atom-rby-atom removal of surface material can result from
physical and/or chemical 'interactions with plasmas. Plasma-assisted 9
etching methods, such as ion beam etching, plasma etching, and

* reactive ion etching, are increasingly becoming indispensable
techniques for the fabrication of microelectronic devices,
particularly silicon integrated circuits [3).
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* Film Deposition--Plasmas are widely used for the deposition of thin

films onto surfaces [4]. Deposited films serve various functions
ranging from surface protection against corrosion and wear to active
and passive elements in electronic, magnetic,, or optical devices.
Plasme polymerization, plasma-enhanced chemical vapor deposition,
sputter deposition, and ion plating are the more important techniques
employed'.

* Texturing--Surface, topography can be altered by interaction with a
plasma. Both et,. ing and deposition are usually involved in •
texturing.

The plasmas of interest for surface modification are low pressure
("glow") discharges. Operating pressures range from ~10-4.torr.to 10+1

torr, depending on the application. These plasmas contain free electrons,
positive and negative ions, neutral atoms, and, in the case of molecular
gases, neutral molecules and molecular fragments (including free radicals) . .
produced primarily by electron impact dissociation. Average electron energies
range from -1 to 10 eV, while the energies of ions and neutrals in the bulk
of the plasma are substantially less ( -0.1 eV). Thus-the plasma is

effectively "cold" even though the electron energies correspond to
temperatures up to I05 K. This rather unique nonequilibrium state of
affairs wakes such discharges particularly suited to ; number of app~lications .
where technical considerations impose temperature restrictions. For example,
the deposition of inorganic films to functiou as passivating layers in silicon
integrated circuits has been carried out almost exclusively by plasma
deposition because alternative techniques that can produce films of the
requisite quality require temperatures incompatible with.circuit metallization
[5]. • '

Surface modification results from energy transfer between a plasma and a
solid surface. Energy can be transferred by optical radiation (UV photons are
particilarly important in some of the applications of interest), electron and
ion impact, and neutral particle fluxes (free radicals are particularly
important in certain applications). The energy is dissipated by a variety of -

physical and chemical processes, as will become apparent in the following
section.

PROCESSES.AND APPLICATIONS

In this section we describ,. several processes for modifying solid
surfaces with plasmas that illustrate the~variou's physical and chemical
phenomena involved as well as the extremes in the status of present knowledge
of the, processes from relatively well-understood to relatively poorly,
understood.

Sputter Deposition of Films -__

Figure 7-1 -shows a simplified cross section of a sputtering system. The
target consists of the material to be deposited or from %,hich.the film will be

synthesized in the case of reactive sputter deposition. A gas is introduced
to the vacuum chamber at a pressure ranging from a few millitorr to about 100

mTorr, and a discharge is ignited by applying a dc or rf voltage of sufficient,

..... ,....... •, ... ........ ,-•. .- ',.•.. .,....-.,.,- .,.•.....,....*.......'.
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FIGURE 7-1 Cr088 section of a sputtering system.

magnitude. The power is co,,pled to the target so that the target is "
negatively biased with respect to the plasma. With proper system geometry and
grcunding, most of the applied voltage drops across a narrow (z I cm) sheath
between the target and the plasma. Under these conditions, positive ions. are
drawn from the plasma', are accelerated across the shesth, and strike the
target surface, When the- arriving'ions have energies exceeding a certain
threshold value (the sputtering threshold, typically tens of electron volts),
they can cause ejection of target atoms as they exchange energy and momentum
with the target. The ejected atoms condense on all surfaces they encounter.
Thus a film can be grown, atom by atom, *on the substrate.

In practical systems, argon' is most often used as the gas, and'the
bombarding ions can have energies up to several keV. Reactive sputtering is a
usetul variart where the gis used contains one or more constituents that can
react dith the target material to form a compound. For example, TiO2 ' films
can be deposited by sputtering Ti in 02 or Ar-0 2 mixture; Si 3 N4 films
result when Si is sputtered in N2 or NH3 discharges.

In practice, use is often made of magnetic fields to enhance the rate of
sputter deposition in what is known as magnetron sputtering. The fields,
usually applied by fixed, permanent magnet pole pieces in clone proximity to
the target, impart a helical motion to the free electrons of the plasma. This
has the net effect of increasing the electron path length, thereby causing an
increase in the number of ionizing collisions and the plasma (ion) density.
An added benefit of magnetron sputtering is that the number of high-energy

....
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(secondary) electrons reaching the substrate after ejection from the target is
diminished. This reduces substrate heating considerably and makes possible
the deposition of films onto thermally sensitive substrates, such as plastics,
without elaborate means of heat dissipation [6].

Sputter deposition is a relatively well-characterized, well-understood

process. It offers certain advantages in comparison to other film-formation
techniques. For example, sputtering is applicable to all materials, provided .

an appropriate target can be fabricated. Furthermore, compounds and
multi-element materials can be sputtered and films deposited with the
stoichiometry of the target. An additional advantage is that the sputtered
atoms arrive at the substrate typically with much greater energy than is
obtained with other deposition techniques. This often results in improved
adhesion of films.

Sputtering is widely employed in the metals, plastics, optics, and

microelectronics industries using a variety of commercial equipment. ,
Applications include decorative and protective coatings, dielectric films for
insulation and optical components, metallic films for magnetic or electronic . -

circuit elements, and wear coatings for tools. The magnitude of the effort in ' - -

this area is indicated by the fact that .he sale of souttering equipment to
the semiconductor industry alone is estimated to reach $300 million per year
by 1985.

Sputter Etching

The sputtering phenomenon is also used to remove surface material under
conditions quite similar to those described for sputter deposition. In
essence, the target becomes the workpiece. A noble gas discharge is usually -

employed and material is removed by a strictly physical interaction between
energetic ions extracted from the plasma and the solid surface. An important
feature of this interaction for some applications is that ions arrive
predominantly at normal incidence to the surface, and thus the etching is
strongly directional (anisotropic). This is particularly pertinent to certain
microelectronics applications where etching is used to transfer very fine
(micron-sized) patterns into the 'surface by use of an expendable, pattlerned
masking layer, typically an organic photoresisr. i high degree of etch
anisotropy ensures that the etched feature will not underc"-t the, mask and
diminish pattern fidelity t7).

On the other hand, sputter etching has several drawbacks in connection -

with pattern transfer for microelectronic devices. Most importantly, it is
not very selective. Because it is a strictly physical process, the etch rates
for different materials do not differ by much. As a result, sputter etching
cannot be used in % 'typical integrated circuit fabrication step, such 'as

etching of contact windows through an Si02 film to expose shallow junctions
in' an underlying' silicon substrate, without etching away an unacceptable' -..
amount of the junctions. Newer techniques, discussed later on, that rely on
both physical and chemical. interactions via reactive plasmas are preferable in
these applications. ilowever, sputter etching continues to. be used where
reactive plasmas with suitable chemistries are not known,, as in some of the
fabrication steps for CaAs,'magnetic bubble, and integrated optical devices.
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For example, a key step in the fabrication of a magnetic bubble memory chip is
the delineation of a pattern of microscopic elements with dimensions on the
order of one micron in a magnetic NiFe film with a thickness on the order of
halt of one -_qcrov. Up to 4 million such elements may reside on a chip area
of about I cm 2 . Sputter etching is used by some manufacturers of bubble-
memories to produce this pattern.,

Sputter e=-thixng is also useful for cleaning surfaces, particularly for
the, removal of trace contaminants and thin insulating layers from metal and
semiconductor surfaces. In these applications sputter etching usually takes
place insitu and just, prior to film deposition. A typical appiication is the _....
deposition of a metal film over an existing metal film or semiconductor
surface for the purpose of making an electrical contact. Contaminants or thin -..
interface layers must be removed prior to deposition for acceptably low
contact resistance.

Ion Plating

Ion plating, as originally conceived, refers to a technique in which an
evaporant stream is condensed on a substrate which serves as the cathode in a
dc discharge, typically in Ar (Figure 7-2) [8]. The evaporait atoms
(molecules) pass through the plasma in transit, and some of 'them are ioni.ed.
The ionized evaporant atoms are accelerated into the substrate by the applied
potential and become implantee in and intermixed with near-surface regions of
the substrate, forming a graded. interface. This' effect leads to superior 7%
adhesion and the possibility of forming novel, nonequilibrium. "alloys" in'the -.i-.
intermixed region.

VOLTAGE SUPPLY i-VE)

GROUND SHIELD
WATER-COOLED
BACKING PLATE

\ • \ ' ' '/ / /HOLDER "''''''
-GLOW DISCHARGE- HOLD-R

EVAPO ANTVACUUM CHAMBER

INLET
VACUUM
PUMPS

FIGURE 7-2 Cross section of an ion plating system.
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Simultaneously, the condensing film is sputter-etched, primarily by argon
ions, and 'some of the sputtered material redeposits on adjacent areas of the
substrate that may be shielded from the evaporant beam. The net effect of

this simultaneous deposition and etching is a high degree of coating
uniformity and "throwing power."

A successful commercial application is the McDonnell Douglas process

called "Invadizing" [9]. The process uses ion plating to deposit a dense,
"-adherent coating of aluminum on metal aircraft components to protect them from
corrosion. Ion plating has also led to a new class or alloy coatings for gas
turbine components that have the composition MCrAlY, where M can be almost any
element. Similar applications, targeted at protection against wear and
corrosion, are found in the electrical connector and fastener industries.

A broader definition of ion plating, advocated by some, includes any film
deposition process in which energetic ions bombard the substrate surface
during deposition. A subset of this definition is bias sputtering, where a

film is sputter-deposited on a substrate that is externally biased with
- respect' to the plasma to promote bombardmenit by low-energy ions. This results

in a continuous process of sputter deposition and sputter etching at the
substrate that is useful in reducing the impurity content of the deposit•-
film, as well as in obtaining better coverage of surface topography. An

* illustrative application of this technique is the formation of so-called
- • "Ti-gold" for coating j'ewelry. The deposited film is actually titanium

nitride. The optical properties of this material impart a distinctive golden
-. color to films of appropriate thickness and purity. The proper color is much
-. easier to obtain if the deposited films are free of oxygen contamination from

background gases.

Most films deposited by sputtering or evaporation have a built-in
(intrinsic) stress. Built-in stress can limit the practical thickness of a

*. deposited film because the integrated stress results in shear forces that
- ultimately overcome adhesive forces and produce delamination. It has been
Sobserved that the sign (tensile or compressive)'and magnitude of built-in

stress can be altered when deposited films are simultaneously bombarded by
. low-energy ions. This approach allows the deposition of thick coatings of'

, chromium, for exarile. Similarly, the microstructure and/or stoichiometry of
- films can be altered by simultaneous ion bombardment during deposition.

Two phenomena of importance in ion plating, sputter etching and
ionization in a glow discharge, are relatively well-understood. However, the

* mechanisms by which simultaneous ion bombardment influences film properties
and characteristics, such as stress, stoichiometry, and microstructure, are
not adequately known.

SPlasma-Enhanced CVD and Polymerization [10]

The high energies of free electrons in a glow discharge result in impact
- dissociation of molecular gases. The by-products of dissociation include

"highly reactive molecular fragments and atoms that readily combine on
"substrates to form thin solid films. An example, germane to the integrated

"circuit industry, is the formation of SiN films from plasmas formed in
mixtures of SiH4 and NH3 or SiH4 and N2 . Such films can be deposited

. *
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at rates of several hundred angstroms per minute at temperatures as low as
2500 C. In contrast, ýhermally-induced reactions between SiH4 and NH3

require temperatures in excess of -700 0 C to produce SiN. Lower temperatures
are desiratie to prevent diffusi6n of shallow junctions and interdiffusion or

degradation of metals in silicou integrated circuits.

Polymer deposition can be accomplished with molecular gas plasmas whqse

parent molecules contain polymerizable structures, such as olefin•i double
bonds, triple *bonds, or cyclic structures. Polymerization is triggered by the
formation of reactive species via electron 'impact dissociation of the parent
"molecule.

The homogeneity, uniformity, quality, and properties (physical, chemical,

and electrical) of plasma-deposited films, whether organic or inorganic,.are
sensitive to a bewildering number of process variables, such as power,
frequency, pressure, flow rate, gas composition, substrate temperature, and

reactor geometry, to name only the more obvious. The level of understanding
of the effects of these variables is not sufficient for even qualitative

* predictions to be made. No models of plasma deposition that explain the
"effects of process variables on film properties have been formulated.

Consequently, deposition conditions must be optimized by lengthy and'laborious
experimentation, and transfer of a process from one apparatus to another is
almost never straightforward.

'Despite these difficulties, the advantages of plasma deposition,
particularly the capability to form films at low temperatures or with unique

* compositions, have made this approach attractive in several important
technologies. Application to integrated circuits has already been mentioned.
Plasma deposition as a technique for depositing silicon nitride passivation
layers is a 'routine production process in most of the world's integrated

' circuit fabrication facilities. Two types of equipment are used in this
application. RaLial flow reactors (Figure 7-3) were developed first in the
early 1970's. More recently, longitudinal reactors (Figure 7-4) resembling
"hot wall" low pressure'chemical vapor deposition systems have come into use.
As might be expected, there is considerable controversy among equipment
manufacturers as to the relative merits of each type of system, but neither
system appears to have achieved a predominant position among usefs thus far.

"" . Other integrated circuit applications for plasma deposition, in limited

use or under exploration, include the deposition of silicon dioxide,
refractory metal silicide, and aluminum films. Competitive techniques, such
as. physical vapor deposition (evaporation, sputtering, etc.) and low-pressure
chemical vapor deposition, may be difficult to' displace in these applications
because deposition can be accomplished at acceptably low temperatures.

Plasma deposition of inorganic films, such as silicon nitride and silicon
dioxide, is also used in other solid-state device technologies, such as. GaAs,
optoelectronics, and magnetic bubbles. Applications here are primarily for
dielectric isolation and passivation.

Another area attracting considerable interest is the plasma 'deposition of
an amorphous form of hydrogenated silicon from a silane plasma for solar cells.

ll]. This process has potential for developing into a very large industry.

. .....'..........- ..-.....-............ ... ...-..... .



128

UPPER
RF WAFERS ELECTRODE

ELECTRODE CYLINDERAND ! ''

PLAE GAS R

ETCH GAS -GAS

PUMP

FIGURE 7-3 Cross section of a radial flow reactor.
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FIGURE 7-4 Cross section of a longitudinal reactor.I

The hydrogen incorporated in these films during deposition plays an important
role in establishing desirable photovoltaic properties. Numerous Japanese

companies have been active in this area. Reported efficiencies have been as
high as 10 per cent for laboratory devices, but 6 percent for manufactured
products is probably a more accurate representation of the state-of-the-art.

Solar-powered calculators and watches are among the early products.- There is
also interest in plasma-deposited amorphous silicon for xerographic and
vidicon applications.

Applications for plasma-deposited polymer films appear to be more limited

than for inorganic fifths. Although these films cover substrate topography
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reasonably well and can be deposited free of defects and pinholes, even when
quite thin, they are-generally not mechanically robust and are often
semipermeable to environmental contaminants. These shortcomings, together
with alternative methods of deposition, may explain the limited application.
RCA uses a plasma-deposited styrene, film as a capacitive pick-up in its
video-disc systems. Plasma polymerized films with low dielectric constants
are under exploration for use in integrated circuits as interlevel
dielectrics. The low dielectric constants attainable with polymer films are
potentially advantageous in reducing parasitic capacitance.

In a quite different area of application, corona discharges are used to
modify the surfaces of textiles, effectively functionalizing surface groups in.
preparation for surface graft polymerization. The gcafting can be done by
exposing, the treated surface to an appropriate plasma containing an effective
monomer. Such treatments can be used to change the wettability of the textile
surface or to change its printing or dyeing properties.

Polymer membranes for gas separation and water purification can also be
formed by plasma deposition, and there are potential applications to
biomedical materials.

Plasma-Assisted Etching 4

In plasma-assisted etching a molecular gas plasma serves as a source of
reactive radicals capable of chemically combining with a solid surface to form
a volatile product readily removed by pumping. Silicon, for example, can be
etched in a CF4 discharge with gaseous SiF4 as a by-product. The
essential chemical reaction is with fluorine atoms generated in the plasma by
electron impact dissociation of CF4 molecules. The development,of
plasma-assisted etching has been motivated primarily by the needs of silicon
integrated. circuit technology.

Various methods of implementing plasma-assisted etching have been
devised, leading to a variety of equipment, and terminology; plasma etching and
reactive ion etching (reactive sputter etching) are the most frequently used
terms. The earliest equipment was the barrel reactor (Figure 7-5), a fused
quartz cylinder within which an electrodeless rf discharge is maintained. The
material to be etched is immersed in the plasma and allowed to float
electrically so that only low-energy ions bombard the surface. Etching in
barrel systems is isotropic, i.e., the 'etch rate of a material is independent
ot direction. Consequently, barrel reactors are not used for critical pattern
transfer operations requiring high resolution but are still widely employed
for low-resolution etching and 'plasma stripping of photoresist masks. In
1982, U.S. manufacturers of barrel reactors sold approximately 500, systems at
an average price of $30,000 for a gross of approximately $15 million [12)...

As the technology evolved, emphasi3 shifted to parallel electrode
systems. In these, the plasma is usually generated by coupling rf power into
a gas confined between two parallel electrodes (Figure 7-3) or between a
single electrode and a grounded vacuum chamber similar to Figure 7-1. The
material to. be etched is placed either on the powered or the grounded
,electrode. The former arrangement is termed reactive ion etc-hing and the
latter plasma etching. It soon became apparent that etching in such systems
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FIGURE 7-5 Barrel reactor.

could be highly directional (anisotropic). Pirectionality was'correlated with
the bombardment of the etching surface by energetic ions [13], which, as in
sputter etching, impinge on the surface predominantly at normal incidence.
The ions are not the primary etchant species but serve, rather, to enhance or
even induce reactions between the solid and reactive species generated in the
plasma.

lon-assisted chemical reactions have two important attributes that have
had a dramatic impact on integrated circuit technology. First, etch rate
anisotropy is attainable. In particular, it is possible to etch through the
thickness of a material with essentially no lateral etching. As noted earlier
in the discussion of sputter etching, highly anisotropic etching becomes
essential for pattern transfer operations as the size of circuit features is
scaled down to achieve higher circuit densities and greater
performance-to-cost ratios. Second, but of no less importance, because g
etching occurs through a chemical reaction, etch rate selectivity between
different materials can be obtained. This makes possible the patterning of
high-aspect-ratio (depth/width) features in a'material that overlays a thin
layer ot dissimilar' material without significant removal of the underlying """
layer.' This. task must be accomplished several times with critical dimensional
control in the fabrication of an integrated circuit. For example, in a
state-of-the-art memory device, such as a 256 K dynamic RAM (randon access
memory), more than a quarter-million bits of information can be stored on a
"chip!" smaller than a thumbnail. ,Such a chip may contain some 600,000 circuit
elements with minimum dimensions of 1.5 to 2.0 m that must be controlled to
0.3 Jim or better.

The need for high-resolution (anisotropic) etching in integrated circuit
fabrication and the unique ability of plasma-assisted etching to provide it
has spawned a highly competitive marketplace for plasma etching equipment over
the past 5 years. At present there are upwards of 60 companies, worldwide
either manufacturing equipment for plasma-assisted etching or actively
contemplating entry into the market. Because the development of the
technology has been largely empirical, available equipment is quite diverse,
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with no clearly established preference, as yet. Thus it is entirely likely
that there will be additional entries into a market estimated to reach a
quarter of a billion dollars by 1986. Ultimately, however, the equipment
market probably will be dominated by a few manufacturers. -

The explosive growth, pervasive influence, and strategic importance of

integrated circuits (IC's) are well known to all. At the present rate of
growth, IC sales will reach $50 billion annually by 1990. It is fair to say
that today's leading-edge IC products--domestic, Japanese, and European--would
not exist without plasma-assisted etching and that continued progress in
integrated circuits will be tightly coupled to further development of plasma
technology. Further development would be greatly expedited if a better base
of understanding was availaole. As with plasma deposition, a large number of
often interdependent variables influence plasma-assisted etching. Despite
substantial advances in basic understanding over the past several years, the
process complexity still necessitates a largely empirical approach to the
development of plasma-assisted etching techniques. •

Plasma-assisted etching is also being used or explored for other
solid-state device technologies, such as bubble memory, III-V and II-VI
compounds, integrated optics, and displays. However, the applications have
been more limited and of substantially less economic importance. This is due
in part to the limited effort 'expended. Each of these technologies presents S
unique problems that must be addressed for the successful application of
plasma-assisted etching. For example, in compound semiconductor devices there
is an intrinsic difference in reactivity between constituent elements that
must be considered. Experience in silicon technology is helpful in providing
guidance, but, unless a better base of u-iderstanding becomes available, a-
realization of the true potential for applications of plasmawassisted etching
to these and other solid-state device technologies will be won only through
hard-fought empirical battles. This implies significant expenditures of time
and etfort,,

Nonetheless, there is ample •evidence of considerable promise fo "-
plasma-assisted etching in the various t0hnol6gies listed here. For example, S
a key problem in the integration of optical sources into a chip techiilogy is
that of providing the necessary feedback for the laser structure to - sch
stimulated emission. One approach that has been pursued is to fabri•:.te a
Fabry-Perot resonating cavity by reactive ion etching the mirror faces [14-16].

Another etching application involves the manufacture of multila&er S
printed circuit boards, which requires the drilling of many small holes. The
drilling procedure leaves, deposits of organic material which inhibit
subsequent plating processes. Removal of these organic deposits from drill
holes by exposure to a reactive gas plasma is called "plasma desmearing" and
could become a very important manufacturing procedure 1171. Similar plasma
techniques 'are used to remove a wide variety of organic materials from -
surfaces; the procedureis often called "plasma-ashing."

STATUS OF SCIENCE BASE

The importance of low-pressure plasma processing of materials is apparent
even from the foregoing.. 'rief discussion of a few representative
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applications. The iontinued development of these low-pressure plasma
processes will have great impact on the competitiveness and progress of
high-technology industries (e.g., the semiconductor industry) in the United
States. The large amount of money and effort expended toward developing
plasma technology justifies, in our opinion, a co-mmensurate effort toward 0
understanding the basic physics and chemistry underlying the technology.

As noted earlier, a reasonable level of understanding is in hand for some
of the technologically important processes. But for others, particularly
those based on chemically reactive plasmas with applications of growing
strategic importance, a dearth of knowledge remains. Plasma-assisted etching
is a prime illustration of this assertion. While there have been impressive,
advances in understanding the basic phenomena governing this technology in the
past several years [181, significant technological orogress has resulted
mainly from "hard-nosed" empiricism. In effect, the science has not yet
caught up with the technology, or even pointed the way. This is not an
unusual situation; indeed, it is characteristic of much of modern technology 0
development, which tends to be evolutionary. However, many of the roadblocks
to successful application of nonequilibrium rlasma technology could be
ameliorated by expanding fundamental knowledge.

It appears at present that the basic worldwide research effort, is still
too small to make any significant impact on the rate of progress. The lack of
basic research is partially related to the fact that well-characterized
investigations in this field are complicated, time-consuming, expensive, and
demand considerable experimental ingenuity; it is also perhaps partially due
to insufficient motivation for investigators to enter the field.

The reactions chat make glow discharge (cold plasma) processes attractive
are often dominated by surface phenomena 119] that occur in a very complicated
plasma environment. Moreover, the basic information needed to understand
these 3urface processes is usually unavailable from the plasma experiments.
The surfaces exposed to the plasma are uncharacterized with respect to their
geometrical structure, chemical composition, and electronic properties. Past
experience in surface science suggests that real understanding will not occur
until these parameters are defined. Furtheimore, the flux and type of species
incident upon the surface are almost always'unknown. In addition, the flux

*and energy of ions and/or electrons impinging upon a given surface are usually
undefined but are known to strongly influence many reactions [201. This lack
of information forces development of industrial processes primarily on the
basis of parameter studies and intuition. This is the state-of-the-art. The.
plasma reactor parameters that are investigated often include pressure, types
of gas or gases, low rates, residence time, rf power, fixture geometry,
fixture materials, the presence or lack of ion bombardment, etc., and often do
not lead to a basic understanding of the physics and chemistry. Because of
this complexity a d lack of understanding, the processes used by industry are,
quite probably not optimized, and neither is the methodology of process.
development. Mor over, other useful processes remain undeveloped.

If a body of information were available in a few key areas, this
situation would be greatly improved. Some of the key areas involve
characterization of the glow discharge, while others are related to particle
surface. interactions.

.~. . . . .. . . . . . . . .
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Concentration of Particlei in a Plasma

Techniques for routinely measuring the concentration of all radicals,

ions and stable molecules in a glow discharge are greatly needed. The -

availability of such techniques would save immense amounts of money in ,
development costs and would also lead to a large increase in knowledge about

plasma reactions. Plasma diagnostics using optical techniques, such as
laser-induced fluorescence j21-23], optical emission spectroscopy [241,
optical absorption spectroscopy [25], actinometry [261, and optical galvanic
spectroscopy 1271, show some promise of being very useful in this regard.
however, quantitative measuzements using these optical techniques will require 0
a knowledge of absorption cross secLions and the electronic structure of

radicals. This information is frequently unknown. Research directed toward
obtaining the basic information needed to make them quantitative would be
extremely profitable.

The concentrations of particles in a plasma can also be determined with . S
mass spectrometry [13]. Further' development of this area would be quite

useful, but it probably does not have the same potential for advancing
understanding as do the optical techniques.

In any case, a real understanding of surface processes occurring in a

plasma will not happen until (among other things) the types and conceatrations ,0
of species in the gas phase can be determin'4d.

Dissociation in Plasmas

Many plasma reactions are initiated by plasma-induced (i.e.,
electron-induced) dissociation of stable molecules, and therefore more ... __
knowledge of dissociation cross sections and dissociative processes would be
valuable. Some information is available 128-35!, but much more is needed.
Techniques for measuring dissociation cross sections are available, but they
are experimentally demanding and time-consuming. Information in this area
could be rapidly expanded if competent and interested investigators were -'

available. 0

Electron Energy Distributions

To make knowledge of dissociation cross sections useful, one must know
something about clectron energy distributions in a glow discharge. For
example, the dissociation rate in a glow discharge-ia given by [361 _

G = f f PN(E, V)ad(E) 1 dEdV (1)
NVE E"

where N(E,V) is the electron energy distribution, Od,(E) the total .
dissociation cross section, p the density of undissociated parent molecules, "
and V the discharge volume. A 13.56 MHz glow discharge reactor is widely used-'
for a variety of applications; nevertheless, almost nothing is known about the • -

electron energy distributions in these reactors. The authors are aware of
only one attempt to model the electron energy distribution [371 in this type
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of reactor, and that effort is, at present, unpublished. It is also possible
that the work of Garscadden [381 could be extended to model rf discharges. To
our knowledge no experimental work is available. The best approach to
understanding electron energy distributions in a glow discharge may be
theoretical. We suspect (although we are not certain) that application of the 0
theoretical tools developed to understand fusion ?lasmas (for example, in
Tokamaks) or lasers could yield much information if they were applied to the
type of glow discharges widely uced for industrial purposes.

Plasma Potentials

Processes occurring in a glow discharge often depend quite strongly on
the plasma potential or', more correctly on the potential difference between
the plasma and a given surface. The potential of the surface is often
measured or estimated,, but in most applications the plasma potential is
unknown. Some basic information on plasma potentials has been published
[39,401, but one needs to routinely estimate or measure the plasma potential .
in the reactor where a given industrial process is being developed. It would
he of great advantage to development engineers if a body of basic information
were available that would allow an estimate of plasma potentials in a given
reactor.

Ion Energy Distribution S

There are many synergistic effects in a plasma where ion bombardment ..-
enhances a chemical reaction [201. The magnitude of the synergistic effect
depends on the energy of the incident ions. Consequently, a body of
information about the energy of ione that collide with surfaces in a plasma
reactor would be very valuable. This area is amenable to both experimental -
and theoretical approaches.

Plasma-Surface Interactions

The final key areas involve plasma-surface interactions. Ideally, one
would like to conduct well-defined surface experiments inside a plasma;
however, at present this seems to be impossible. Therefore, investigations in
these areas should probably be conducted outside the plasmas, where
weLl-characterized molecular beams c,&n be interacted with well-characterized
surfaces.

The lack of understanding of plasma-surface interactions is directly
attributable to the fact that these surface reactions often involve atoms or
other types of radicals and that there are few investigations of the
interaction of a well-characterized flux of radicals with a well-defined
surface. Moreover', there are synergistic effects in the plasma.

nasic research in four areas of surface science could do much to remedy S
this lack of information:

0 Recombination reactions, i.e., investigation of reactions at a
surface where radicals recombine to form stable molecules.

. .. .• ".
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* Investigation of synergistic effects where i-n, electron, and photon
bombardment change the reaction characteristics of the incident
radicals. For example, a knowledge of the dependence of reaction
rate constants on the type and energy of bombarding particles would
be very useful. 0

* Investigation of the adsorption cnaracteristics of a number of
radicals; these should include a determination of sticking
probabilities [411 as a function of surface coverage and conditions.

* 'Investigation of mechanisms for the conversion of reactants to 0
proaucts in the surface region.

In the case of etching reactions, these experiments could include
identification of products on the surface, (e.g., by using X-ray photoelectron
spectroscopy) and identification of products and measurement of energy
distributions of particles entering the gas phase (e.g., by using modulated •
beam mass spectrometry).

The equipment required for this type of research would probably include a
standard UHV system with Auger, LEED, UPS, and XPS capability, as well'as the
capability for ion and electron bombardment. This capability would be used to
characterize the sample surface. In addition, one would need two or more 0
well-characterized molecular beams of radicals directed onto the surface.
These molecular beams should be chosen to best simulate a specific plasma of
interest. This latter demand is the major experimental problem. It is quite
difficult to generate a molecular beam of a given radical that does'not
contain other radicals or impurities. Nevertheless, it is our opinion that -
research along the lines suggested could be quite productive, although it .
would be expensive and would demand considerable ingenuity.

In the following we give a few of the many possible examples of problems
that could be resolved in the field of plasma etching, if some of the
information described here were available. Similar examples could be given
for other nonequilibrium plasma processes, such as plasma deposition, glow .6
discharge sputtering, plasma anodization, and plasma polymerization, but such
examples are not necessary to make the point.

Consider a plasma etching process that uses CF4 (gas). CF4 itself is
quite inert, so the etching reaction results from radicals produced by
electron-impatt-induced dissociation of CF4 . There are three major 0
dissociative processes in CF4 : dissociative attachment (CF4 + e ,
CF3 + F or to CF3 + F-), dissociation into neutral fragments (e.g.,
CF4 ÷ e - CF3 + F) and dissociative ionization (e.g., e * CF4-. CF3 +
F). The cross section for each of these processes is known or could be
estimated. Therefore, if the electron energy distribution was known for a
given plasma reactor, then one could determine the dominant dissociative _
process and hence seek ways to optimize i't.

As a second example, the maximum quantity of atomic fluorine available
for etching is equal to the dissociation rate "G" given ,by Equation 1. The
efficiency of the discharge, process could be estimated by comparing the amount
of fluorine incorporated into etch products (e.g., using. mass spectrometry) .
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with the dissociation rate "G." This type of estimate again demands a
knowledge of the electron energy d.'stribution and the relevant cross sections.

A third example involves recombination. The importance of recombination
reactions (e.g., CF3 + F + CF4 ) could be estimated by comparing G with the 0
quantity N of CF4 , introduced into the reactor and the quantity N' pumped
away. If G >> N, then recombination is very important. If G > (N-N'), then,
recombination is still important. From a practical point of view, elimination
of recombination reactions should increase the etch rate. Knowing how the
rate of recombination is influenced by operating parameters would allow better
process control. 0

In other situations it may not be necessary to dissociate the molecule
for etching to occur. The interaction of SF 6 with silicon may be an example
since it has been shown that vibrationally excited SF 6 will react
spontaneously with silicon [421. Comparison of the dissociation rate with the
etch rate could indicate whether dissociation was important for the plasma O
etching of silicon using SF 6 . If the etch rate is much greater than the
dissociation rate, then vibrational excitation of SF 6 may be the dominant
process that leads to etching.

Although a. large number of examples could be given, we will use one
example which illustrates the importance of knowing (a) the concentrations of S
particles inthe gas phase, (b) the. reaction probabilities of these particles
at a 3urface and (c) the products formed by recombination and etching
reactions. Let us consider the etching of SiO2 in a glow discharge that

-uses CF 4 (gas). Electron impact dissociation of CF4 produces primarily
CF 3 , F and CF 3 . Subsequent reactions may produce many other species. A
knowledge of rate constants and gas phase concentrations would allow one to S
estimate whether gas-phase recombination (e.g., CF3 + F -o CF 4 ) was a
significant loss mechanism for fluorine atoms. A complete lack of information
about the gas phase CF 3 concentration presently prohibits this estimate.

An earlier paper [43] speculated that CF 3 radicals would spontaneously
etch Si02 . Many investigators have subsequently made the same suggestion. .
This speculation led to the development of one of the key processes in the
fabrication of very-large scale integrated circuits, the formtation of contact
windows. Yet, today the true role of CF 3 radicals is still unknown and
'there has been no persuasive experimental verification of the early
speculation. A well-defined experiment needs to be conducted to determine
whether this reaction actually happens. .

It has been shown conclusively that fluorine atoms react with SiO2 and
that ion and/or electron bombardment greatly enhances the reaction rate. A
knowledge of the gas phaae concentration of CF 3 and F and of theirreaction
probabilities.(sticking probabilities)'at the SiO2 surface would allow one
to determine which particle dominates the etching reaction. The presence of .0
ion bombardment is likely to alter these reaction probabilities, i.e, there is
probably a synergistic effect. Synergistic effects have been investigated for
fluorine alone but not for CF 3 . An investigation of synergistic effects for
CF 3 interacting with SiO2 undier ion bombardment would be very enlightening.

.. . . . . . . . .. . . . . . . . . . . . ..

. .. . • .

!L "'• -> •'- T>TT T T" / •.T'I•IT:T" '.. "L-. . . .. . . . . .'.. . . . ". . .. '- T . :.. . .:•:T.T.•:.:.•.'.T .•-•. :-".. . '-':• :i - T•"



137 0

The carbon deposited on the SiO2 surface must eve-atuallf leave the
surface through an etching or recombination reaction. The products of this

reaction are likely to be C02 , CO, COF 2 , or CF4 , or a combination of
these molecules. Experiments are needed to determine which of these molecules -

do indeed leave the SiO2 surface and how that is affected by ion 0
bombardment. This type of information would also allow one to estimate the
fraction of the fluorine adsorbed on the surface that is eventually
incorporated into an etch product.

Similarexamplea of fundamental issues that might profitably be addressed
in*relation to other applications of nonequilibrium plasmas could be given, •
particularly where reactive plasmas or synergistic effects are involved.
Pl..isma etching is.perhaps the most extensively studied area. The amount of
fundamental information available on plasma-enhanced CVD and the growth of
films under energetic particle (ion, electron, photon) bombardment is small by
comparison. Questions pertaining to the constitution of the plasme, and how it
determines film composition, morphology, stress, etc., need to be answered S
before one can hope to minimize the number of parametric adjustments to

produce desired film properties.

CONCLUSIONS

There are many questions about basic mechanisms (other than those posed S
here) in CF4 -SiSiO2 plasma etching that remain unanswered despite the
fact that these are the most studied etching reactions. Moreover, many
different, e4ching gases are used for other materials applications, and similar
questions arise for these situations. For example, chlorine-based gases are
widely used in the semiconductor industry to etch silicon and aluminum. A
plasma process for etching copper and magnetic materials such as nickel and 3
iron is badly needed but presently unavailable. Anaiogous research is needed
for an understanding of plasma polymerization and plasma-enhanced CVD.
Therefore, it is certain that basic research directed toward an understanding
of relevant plasma reactions will strongly influence future technology
development. Basic research in this area is both interesting from a -

scientific point of view and profitable from an applications point of view. S
The fields of plasma-enhanced CVD, plasma etching, and plasma polymerization,
which involve very complex chemistry, are to be contrasted with the fields of
giow-discharge sputtering, surface modification, surface cleaning, etc., which
involve more physical processes. In the latter cases, extensive basic
resesrch may not be pivotal to continued development.

Real advances in the understanding of the plasma processes mentioned -

require the development of new experimental methods or application of
sophisticated techniques from other scientific areas. This situation is
reminiscent of the field of surface science in the late 1960's and early

1970's, when the development of "low-energy electron diffraction," "Auger
spect:zscopy," X-ray photoelectron spectroscopy, ultraviolet photoelectron 9
spectroscopy, X-ray extended fine structure spectroscopy, etc., led to a
dramatic increase in basic knowledge and had a powerful impact on the
development of technologies that hinged on surface phenomena. Financial
support for basic research would probably be most effective if given to
investigators who are willing to apply new techniques or else to apply tools
from the fields of surface science, atomic physics, and lasers (or other 0

WIN.-.. ...•
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optical techniques) to the field of plasmas. In our opinion, support for
research based on parameter studies-is not as expeditious unless directed
toward the specific development of a product or process.

Finally, tie number of experimental parameters that influence the
operati.i.- characteristics of a plasma processing system is very large. A body
of basic information, such as that described above, is needed so that .
qualitative or semiquantitative estimates can be used to determine the -" -
dominant parameters for a particular application. It is not necessary to have
a quantitative understanding of the physics and chemistry of each plasma
processing system, but it is important to have a qualitative understanding of 0
the composition of the plasma, the reactions that arc occurring, and the
effect of parametric variations -on these. Such information would provide at
least a modicum of predictability and perhaps a more rational basis for .
process development.
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CHAPTER 8

TECHNOLOGICAL OPPORTUNITIES

A crucial purpose of this report is to provide a current and critical
assessment of plasma processing, with emphasis on the technological
opportunities as defined by both the technical feasibility and the economic
incentive, together with the critical R&D needs to attain these goals.

The material presented here is divided according to the subjects presented
in the previous chapters. Process description, summary of current status,
technological opportunities, and critical R&D needs are identified for each
subject.

THERMAL PLASMA MELTING AND REMELTING

Process Description

A thermal plasma heat source is characterized by a high concentration of

energy and associated high gas temperature. The melting and refining of
primary metals, the remelting of specialty alloys and reactive metals,'and
metal scrap melting represent the dominant industrial processes. Thermal
plasma reactors and associated techniques for melting, remelting, and'
processing materials have distinct advantages over competing technologies.
These advantages include the ability to achieve a controlled steady-state
u.iiform flow of partially ionized gas with bulk gas temperatures well above
those obtained with chemical flames, combustion, or resistance heater systems;
complete control of the atmosphere by operating in an inert or reactive
environment, thus also aiding in reducing exhaust pollution;, operation at
e.7evated pressures with inert gases to minimize the loss of'
high-vapor-pressure constituents while also eliminating the need for expensive
vacuuw. pumping equipment; steady-state operation at'teduced voltage
fluctuations; high material melting rate and heat addition (superheat) to the
molten material with variable reaction times attainable independent of the
electrode feed rate; and, availability of nonconsumable electrodes to minimize
meLt contamination. In addition, thermal plasma reactors are compact systems
that can process material in a variety of forms (e.g.,, solids, chips, powder)
at high throughput rates and with relatively high electrical and thermal
etficiency, Thermal plasma reactors also have ,the potential to produce new
materials and products not defined at this time.
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Summary of Current Status

In an era of growing awareness that conservation of materials must be
pursued in an efficient and cost-effective mannet, new thermal plasma "
processing techniques are being considered throughout the metals processing 6
industry in converting the raw material into'ingot-type products. With only a
few exceptions (e.g., plasma spray torches and plasma welding equipment),
thermal plasma melting technology in the United States is still in the
laboratory or pilot-plant stage. In comparison, foreign countries have a
variety of full-scale production systems in continuous operation that meet the -

stringent requirements of high throughput, reliability, efficient utilization, 0
and good return on investment. Examination of the accumulated data base shows
that Japan, the Soviet Union and the German Democratic Republic are taking
leadership roles in pioneering operation of large-scale plasma reactor
systems, with *steady-state power levels exceeding 20 Mw, for melting
applications. Based on the examples described in this report, a reasonable
level of technical understanding is available for several of the important .
thermal plasma melting reactor systems. A prime example is the new
developments using the plasma progressive casting/cold crucible reactor for
providing efficient processing and recycling of scrap and alloy materials,
thus serving to conserve both hydrocarbon fuels and critical materials.
Plasma processing for melting applications can also play a dominant role in
the increased electrification of U.S. industry.

Technological Opportunities

The melting and processing of many metals and alloys is particularly
energy-intensive; therefore, as the United States shifts more toward
electricity as the major energy base, numerous high-temperature plasma S
material processing applications will result.

Worldwide, industrial furnaces of all types consume about 50 percent of
the energy resources provided in the world, and thus the impact of converting
even a small percentage of these furnaces to efficient thermal plasma reactor
types is very significant...

The following is a list of key technological opportunities for thermal
plasma melting technology.

0 Cold crucible melting and recycling of strategic scrap material using
continuous ingot withdrawal techniques, includ ng melting metals and alloy
scrap in the form of solids, turnings, and powers into a dense, reusable
ingot within physical and chemical specificatims.

0 Consolidation, alloying, and blending of nonst-ategic scrap into bulk
weldable electrodes as used in secondary vacuu arc remelting.

0 Casting production of reactive and volatile me asL and alloys and
preparation of alloy master melts.

a, Production of large monocrystals of refractory metals, directionally
solidified eutectic alloys, and high-melting-p int carbides.

-A
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Production of ultraclean superalloy powders as used in aerospace
applications; production of new refractory powders for high-temperature
ceramic applications.

a Reprocessing nuclear wastes for volume reduction and stabilization of the 0
noncombustible solid waste.

* Toxic chemical waste treatment and decomposition of hazardous waste into.
simple compounds for subsequent scrubber or flare treatment.

0 Production of nitrogen-alloyed steels via a plasma injection technique as 0

a substitute for chrome steels.

* Ingot casting and slab surface preparation and treatment prior to
secondary grinding processing.

Critical Research and Development Needs

The successful design of future production-scale thermal plasma reactors-
for melting and material processing applications will require a broad
understanding of the reaction kinetics, transport properties, particle
dynamics, and heat transfer aspects of very-high-temperature multiparticle
systems. Significant progress in thermal plasma processing ha's been impeded - S
by a lack of basic understanding of the physics and chemistry of gas-solid,
gas-gas, and solid-solid interactions within the plasma reactor; Research in
thermal plasma melting technology to date has been strongly oriented toward.
technical feasibility studies for the development of a specific process (in
many cases proprietary, unpublished information).

The majority of the basic R&D studies appearing in the literature have
been made'on plasma welding and cutting technology. There is a need for basic
research to close the existing gap between the fundamentals of thermal plasma
technology and the physics and chemistry of process metallurgy. An
interdisciplinary approach will be required to further the understanding of ""
this complex but most important technology. With this type of approach, -
before the end of this century we may see the manufacture of basic products
such as steel, fertilizer, silicon, acetylene, cement, and new superalloys
benefiting from large-scale developments in plasma technology.

The following examples describe the fundamental long-range research needs
for thermal plasma melting technology.

0 Investigation of nondeteriorating (nonconsumbale) electrodes capable of

steady-state long-lifetime operation at high current 'levels. Included
should be determination of critical failure modie, the effects of electrode
design, composition, and cooling on electrode performance andlifetime,
and the effects of key operating parameters on electrode erosion. This _

information will eliminate cross-contamination and process downtime.

• Improved systems for introducing, in a continuous and reproducible manner,
controllea amounts of feedstock to be melted and processed. This includes
studies of the physical interaction of materials (solids, chips, powders)

_A,
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injected into 'and entrained in the plasma discharge and molten pool
interface region and potential advantages of pretreatment and preheating

of feedstock, as well as improved quench techniques to permit efficient
product separation.

* Fluid dynamics and thermal modeling of the plasma system. Emphasis should
be on mathematical models for gas flow field, electromagnetic force field,
and temperature field in dc transferred arc mode plasma systems, and on
modeling of the molten-ingot-crucible interface heat transfer and
macroflows within the molten pool. .

* Determination of the physical limitations to high throughput of material.
This includes the feeder systems, plasma heat source, hearth or crucible,

and ingot withdrawal system. Optimization of the system should be sought
for maximum ingot withdrawal rate combined with improved techniques for
achieving completely dense, homogeneous final ingots with minimum erosion

and contamination and with good surface finish. --

* Investigation of new techniques for complete removal of inclusions (low
and high density) from processed material. -This should include the use of
-material pretreatment, cleaning, segregation schemes, and hearths for
settling or floating out deleterious material, as well as determination of
trace element buildup resulting from increased utilization of recycled
materials.

I investigation of absorption and desorption of plasma species by metal
melts, including determination of reaction mechanisms and rate
coefficients. Also included should be secondary refining processes for

decarburization, deoxidation, and alloy additions involving combination of -

injection metallurgy techniques' with a thermal plasma-heated carrier gas.

& Identification of key parameters for achieving clean melts, fine 'grain

size, and improved microstructure of dense ingots. This includes
investigation of effects of plasma discharge heat'flux distribution,
prescribed discharge motion on molten pool, influence of external magnetic - •
fields on mixing, and heat transfer losses to mold and crucible systems.

0 Establishment of new techniques for material pretreatment and
contamination identification and removal. Included here are both passive
and active diagnostic systems for on-line identification of elemental
constituents, contamination, and distribution of contaminatibn (surface or
bulk) input feedstock. Novel combined chemical-plasma techniques for

contamination removal from strategic materials should also be investigated.

* Investigation of physical metallurgy of thermal plasma surface treatment ... ,-
and glazing. This includes characterization of different plasma modes
(i.e., transferred, nontransferred) relative to local surface melt. , •
efficiency and heat transfer losses as well as determination of operating
parameters for optimized workpiece surface treatment and maximum
processing rate.

. . . . . . . .. . . . . . . .o . . .-
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0 Modeling development to permit scaling from laboratory-size thermal plasma
melting reactors (typical 5-cm-diameter ingots) to production-size plasma
reactors (typical 45-cm-diameter ingots or slabs). This should include
detailed heat tran3fer analysis and sensitivity analysis to variations in
operating conditions. 0

The following examples describe critical development needs and engineering
studies required in thermal plasma melting technology.

* Establishment of pilot-plant-scale demonstration equipment and full-scale
production hardware optimized for a specific application so as to provide
highest product yield at minimum cost. This includes optimization of
feedstock form and throughput, plasma source configuration and operating
mode, on-line diagnostics for monitoring input material, contamination

limits and quality of the final product relative tc specification, as well
as possible interface with current automated computer-controlled feedback
and control systems avd robotics. fe

* Detailed economic. analysis of several selected technically feasible
thermal plasma processing systems. This should include sensitivity.
analysis of raw material costs, electrical costs, equipment utilization,
overall efficiency, and related considerations. -

0
0 Detailed engineering evaluation of thermal plasma melting systems relative

to alternative competing technologies (e.g., vacuum arc remelt,
electron-beam, plasma beam, electroslag remelt).

PLASMA EXTRACTIVE METALLURGY

Process Description

Extraccive metallurgy is winning metals in their pure or usable alloy form
trom ores. Extraction ,and refining occurat temperatures ranging from 1273 to
1773 K. When the required temperatures exceed 16M3 K the use of electrical
energy is generally the only. efficient way to carry out the extraction S..
process. Chemical reactors that use thermal plasmas as the energy source are
logical candidates for such processes. The concentrated elevated-temperature
heat source of the plasma furnace permits high rates of metal production per
unit volume when designed to fit the thermodynamic equilibria, kinetics, and
required heat transfer of the reactions in question.

S

Summary of Current Status

The technical promise of plasma reactors for use-in extracting metals from
ores is well established. No full-scale commercial installations are
documented in the open-literature; however, with few exceptions, applications

of high-temperature plasma reactors to extractive metallurgy are still under
laboratory, pilot-plant,'or demonstration-plant development. One reasotn fo'
-this is that the 20 to 100-MW plasma torches required for economic production
are still in the development stage and are not yet commercially available (see
Ref. 27 of Chapter 4).

. . . . . . . . . . . . . . . .
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Some important extractive process applications in the advanced stages of
development are the following:

e Recent advances in the design of transferred arc plasma reactors in the
German Democratic Republic and the Soviet Union have resulted in
demonstration commercial plasma furnace installations of 10 to 20-MW
capacity (using multiple plasma torches of 3.0 to 3.5-MW) in ferroalloy -.
production and steel processing (see Ref. 1 of Chapter 4). Similar "
applications are under consideration in North America (see Ref. 51 of
Chapter 4).

* A 70,000-ton per year, $26 million plant for the plasma recovery of metals
trom precipitator dusts is under construction in Landskrona, Sweden (see
Ref. 24 of Chapter 4).

* Plasma heating of air blasts and injected fuel has been demonstrated to
increase productivity and reduc:e coke requirements in iron blast furnaces S
(see Ref. 37 of Chapter 4).

Technological Opportunities.

Although its current use is limited, plasma technology offers interesting
opportunities for processing difficult-to-reduce or high-melting point ,
metallic materials, or for the production ofmetallic materials where the
current technology is complex or expensive. Whether this technology will be
economically attractive depends on the volume of materials, national strategic
importance, electrical energy costs, the solution of some difficult
engineering problems, and the cost of scrapping existing equipment. When -

these criteria are applied, it appears that this technology will b used for - .
primary reduction of zinc, titanium,, molybdenum, cobalt, nickel, .i tungsten -

ores in 5 to 10 years using 10 to 20-MW torches.

The major long term (10 to 20 years requiring 20 to 100-MW torches)
advantage, however, may be the direct reduction of lean domestic ores and
wastes (such as fly ash) to produce aluminum, ferrosilicon, titanium, electric S
power, and by-product carbon monoxide. This would be carried out as an
integrated processing complex using plasmatechnology for the more difficult
separations, in which all wastes, 4re consumed as raw materials for other
processes. In -principle, 10C million tons cf fly ash per year resulting from
coal burning could provide a substitute source for all of the &Iuminum
consumed in the United States,, 40 percent of the iron ore imported,' and -all S
imported ferrosilicon, while providing carbon monoxide for organic synthesis
or clean power generation. Such a system could solve most of the problems
besetting the metallurgical industry today.

Critical Research and Development Needs

The physical and chemical phenomena of plasma processes are poorly
understood. If the technological opportunities mentioned are to be reali:'--.
generalized design criteria must be developed to avoid the present wastf-,
process of trial and error in reactor design; fundamental knowledge must be
developed that relates the properties-of the plasma state to the
thermodynamic, kinetic, and heat transfer requirements of the reactions of •
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process metallurgy. Furthermore, engineering design problems, the solutions
of which are necessary to translate these findings to commercial application,
must be attacked.

Critical research and developmuent needs, then, may' be divided into
fundamental understanding and engineering studies.

Fundamental Understanding

To estimate the technical and economic feasibility of proposed plasma
processes and to design efficient reactors it is necessary to predict chemaical0
reaction mechanisms, develop mathematical models, and estimate the effect of
plasma furnace design.

0 Chemical reactions in the plasma state are not well understood.
Electrons, positive and negative ions, and radicals interact by both
chemical and physical processes with injected particulate reactants.
Spectroscopic or other means. of ideaitification of the chemical species
present during reaction as a function of temperature, pressure, and Ifeed
composition must be developed if the gaseous and solid feed ratios
necessary to obtain the desired products are to be determined.

0 Mathematical modeling to develop a generalized set of equations for
process engineering design requires knowledge of thermodynamic and
transport properties and of heat transfer mechanisms; The effect of fluid
flow patterns and velocities, temperature, residence time, and other forms
of energy on the reaction rates must also be known. Sensors and
diagnostic tools must be developed to determine these parameters.

e The effect of plasma furnace design on the reaction rate model must also.
be determined. Furnace design includes the selection of transferred or
nontransferred arc, alternating or direct current, and means of increasing
reactant residence time by mechanical or electrical arc expansion or
entrapment in a falling film or pool of product.

The necessary fundamental investigations could best be carried out At two
or three university centers equipped to develop the diagnostic techniques and -

make the meanurements necessary to develop the needed design data base.

Engineering Studies

Significant eaxgineering problems already identified ihat must be solved
may be divided into three parts--engineering design, materials of
construction, and conceptual flow sheet analysis.

0 Engineering design must concentrate on increasing react'ant residence' time

and removing heat for rapid quenching of products (to avoid back-reaction)
while efficiently returning the energy removed to the process if viable
commercial application of this technology is to be achieved. Equipment
for reliable feeding of finely divided reactants at the proper location
and in a manner necessary for rapid reaction, equipment for the removal of
products, and the design of reactors tolerant of circuit interruption and
switching are necessary.

.........................................
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0 It will be necessary to develop reliable materials of construction
extending reactor lining and electrode life for the reduction of downtime
and economic exploitation of the technological opportunities liszed.

0 High power costs and abundant fossil fuel make new electrical processes 0

marginally advantageous in the United States, and plasma technology will.

have only economic application in specialized areas. These must be
identified by engineering studies of conceptual processes.

The engineering'design problems are best studied in the laboratories of -L

the industries where plasma technology caa be calculated to show an economic - -

advantage. If through government support the necessary fundamental"
information is made available and conceptual studies identifying applications
that promise good return on capital investment are made, the 'industries
identified as the most likely candidates can be counted on to commercialize

these profitable processes in their own laboratories.

PLASMA DEPOSITION PROCESSING

Process Description

In plasma deposition processing, a high intensity plasma flame is utilized
for melting and consolidating pre-alloyed powder feed onto the workpiece .
surface. Plasma spraying involves injection of the powder particles into the
high velocity plasma jet stream, where they undergo rapid melting, and
acceleration coward the workpiece surface. Rapid quenching occurs when the -. -

molten particles collide with the substrate and build-up the deposit. In
conventional plasma spraying, the workpiece is usually protected from
environmental interactions by a shroud of inert gas', whereas in vacuum plasma -
spraying, the entire system is enclosed -in an evacuated chamber, which is
maintained at about 30 to 60 torr inert gas pressure. Plasma transferred arc
deposition is essentially a weld overlay process, in which the source of
alloying material is a continuous stream of pre-alloyed powder. Normally the
plasma jet induces some surface melting of the substrate so tha. the powder ---

teed forms an overlay deposit that is fused to the ,ubstrate. -

Summary of Current Status

Plasma.sprayed'deposits have been used as protective coatings in corrosion
and wear applications and as high-thermal-flux barriers. Eieposits have also
been used for building up worn bearing surfaces and for making thin-walled 0
structures. With the advent of vacuum plasma spraying, -quality' coatings of.
high-performance materials have become available,.that are already finding
useful.application in industrial gas turbines and jet engines.

Many types of deposits have been produced by conventional plasma spraying,

including refractory metals (W, Ta, Mo), carbides (Cr 3 C2 , WC, TaC),
borides (1iB 2 , ZrB2 ), oxides (A1 2 0 3 , Y2 0 3 , TiO2 ), intermetallics'
(Cr 3 Si 2 , MoSi 2 ), and mixed phases (Y2 0 3 /Zr0 3 , WC/CO). Advanced
coatings of the MCrAIY type (M - Ni, Co, Fe, Ni/Co) and high-performance Ni-

and Co-base superalloys have also been produced by vacuum plasma spraying.

%7.
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Plasma transferred arc deposition has been widely used as a hardfacing - -'

treatment for many years, and new applications continue to be found. The -

range of applications may be increasing because of the ability now to create 4
novel composites (e.g., TiC particle dispersions in conventional alloy
matrices) using mixed powder feeds.

Technological Opportunities

Historically, research and development in plasma deposition technologies
has been concerned primaiily with gun (torch) designs, particle injection

techniques, environmental controls, and structure-properties-proces's .
interactions. There is little doubt that. continuing research and development " "
along these lines are needed to further optimize plasma deposition
technology. In addition, it seems appropriate to augment such activities with
initiatives that are targeted to specific problems of high potential pay-off,
such as the following:

" Rapidly solidified amorphous or microcrystalline coatings, thin shell

structures, and monolithic, near-net shapes.

" Graded structures by alternating powder feeds or multiple guns.

"a hovel coatings by combined plasma and CVD processing, utilizing •
organometallic precursors.

" Composite hardfacing materials by advanced powder mixing and gas
injection techniques.

"* Higher energy density focused plasmas to compete with lasers in rapid -.
solidification surface treatments.

* Fast response sensors, integrated with computer-controlled systems
(robotics)..

"* Underwater plasma spraying capabilities for marine applications. _.

"a Post deposition thermomechanical treatments for improved surface
properties.

"* Dispersion-strengthened deposits by displacement reaction processing.

Critical Research and Development Needs

.Plasma deposition is a very. complex process requiring the control of many
variables to oroduce high-quality deposits. The critical variables are those,
connected with particle/plasma (melting) and' droplet/substrate
(solidification) interactions. The critical research 'and development needs in -- _9
these areas are as'follows:

* Better understanding of the characteristics of the plasma jet,
including temperature and jet velocity profiles.,'

* Modeling of particle trajectories and determination of dwell time in '

order to establish the characteristics of the melting process.

.. ... ' .
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"* Improved diagnostic techniques to measure particle trajectories,
plasma Jet temperature and velocity profiles.

" In vacuum plasma spraying, determination of the effect of the shock
T:ave developed ahead of the gun on the jet zharacter, and the 0
mechanics of momentum and heat transfer to particles in the plasma
jet.

a Modeling and experimental evaluation of droplet splatting.kinetics
and subsequent solidification. --

THERMAL PLASMA SYNTHESIS AND CONSOLIDATION

Process Description

In general, thermal plasmas lend themselves to' synthesis and consolidation
of refractory materials which require high-temperature and contamination-free
environments (no combustion products). Materials injected into thermal
plasmas receive higher rates of heating and may reach substantially higher,
temperatures than are obtained with conventional processes. Extremely fast
rates of product quenching are also readily accomplished. These unique
features of thermal plasmas enable, for example, the synthesis of new 6
materials (metastable phases) which are very difficult or impossible with 0
conventional techniques. The production of a metastable tungsten carbide
phase (WC._x) is one such interesting -example (see Ref. 51 of Chapter 5).

Surmary of Current Status

The preparition and processing of metal and ceramic powders and their ..

mixtures by thermal plasmas are practiced commercially in a limited number of
instances. The preparation of submicron ceramic particles of SiC, Si 3 N4
and a number of the oxides are important examples of plasma synthesis. These
powders, especially silicon carbide and nitride, may be useful for the
preparation ot high performance ceramic bodies. The spheroidization and -"7
densification of powders and presintered conglomerates and the preparation of
high'purity materials are also current applications.

'.echnological Opportunities

'he most important opportunities for thermal plasma synthesis and
consolidation include:

* kroduction of submicron oxide powders (e.g, TiO2 , ZrOZ, SiO2 ).
Such powders have a wide range of -uses including surface casting,
high density ceramics, pigments, catalysis, and dispersion
strengthening of metals.

0 Synthesis of ternary carbides and nitrides from the elements or by
direct reduction of the oxides and simultaneous synthesis of the
carbides.

* Oxide reduction and alloying in one processing step,.a technology
which has becn little explored.

-* . '' r " r.". . .. ..•. .* . , ". ,. ' .•' .. ' ' f .. ' * ,. '] •" ••- . .. -•.". o d • ". .•. . '.' I'. , . .
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" Thermal' plasma dissociation of compounds (e.g., zircon sand for

making. zirconia).

"* Spheroidization and densification of porous particles and
conglomerates. '

" Plasma sintering, in particular, of ceramic materials.

Critical Research and Development Needs

Since thermal plasma synthesis and consolidation is a rather new 0

dis'cipline, it is not surprising that the science base is poor. Most reported,
work has relied heavily on intuition and trial and error methods. The basic
and development needs of various parts of this technology include:

Synthesis and Consolidation Equipment
0,

* Studies of electrode heat transfer; specific heat fluxes, and
electrode erosion.

* Plasma reaction modeling and establishment of scaling laws.

* Optimization of reactors for specific processes. .

* Development of pilot plant and scale-up 'of plasma reactors.

Gas and Particulate Tnjection into Plasmas

e Temperature and velocity fields in plasmas and their parameter 0
dependence.

* Plasma transport properties (mixtures).

* Deviation from local thermodynamic equilibrium. "

* Interaction of injected cold gases with plasmas; effect of
chemical reactions.

* Plasma/part'icula.e interaction; heat 'and momentum transfer;,
melting and evaporation; Knudseneffect.

* Particule nucleation from the vapor phase (homogeneous,
heterogeneous).

Development of handling systems for chemically aggressive
starting materials.

* Improvement of particle feeders; scale-up of laboratcry feeders.

Submicron Particle Syntheris

* Studies of particle formatifn,and particle growth.

.' . ".-'.-... . .:
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0 Effect of quench rate on particle size and size distribution.

Development of full-scale, economical collection and separation - '

equipmeat for contamination-sensitive products.

Plasma Dissociated, Spheroidized and Densified Materials

* In addition to previously cited needs, the plasma sintering
process requires basic heat transfer studies in plasmas which
deviate substantially from local thermodynamic equilibrium.

PROCESSING OF MATERIALS USING LOW-PRESSURE, NONEQUILIBRIUM PLASMAS

Process Description

Low-pressure, nonequilibrium plasmas are used for a variety of processes
such as plasma-assisted etching, plasma-assisted chemical vapor deposition,
plasma polymerization, &low discharge sputtering, surface cleaning, and
surface-modification. These plasmas provide a unique'environment where high
energy electrons exist in an otherwise "cold" gas. This permits preparation,
processing, and modification uf materials at lower temperatures than are
possible by more conventional means. Such plasmas can also be used to
generate a large flux of highly energetic species (e.g., ions) at a surface of
interest. Unique chemical environments are also obtained using this type of
plasma. The applications are many and diverse; a more detailed description of
the processes is given in C(.apter 7.

Summary of Current Status -

The use of nonequilibrium plasmas for materials processing in
manutacturing and laboratory situations is, growing rapidly, particularly in

strategically and, economically important areas such as solid-state device
fabrication. A particularly noteworthy example'is in the processing of
very-large-scale integrated circuits (ILSIC) where plasma processing is -- -

presently a critical, indispensable part of the process technology. 0

lechnological Opportunities

The trend of expanding applications in iolid-state device fabrication will
continue. The major growth area would appear to be in the application of
reactive plasmas, especially for plasma-assisted etching and plasma-enhanced -

CVV..

because reactive plasmas represent the least understood facet of
nonequilibrium plasmas, they offer the promise of uncovering mAny new and

attractive applications that our lack of knowledge makes difficult to
forecast. Clearly, however, timely development of new applicationt as-well an -

optimization of processes for present applications will aepend on the rate of
acquisition of the necessary knowledge and understanding.

There are technological opportunities in.many fields that'use low-pressure
plasmas. The examplesgiven here, in our, opinion, offer possibilities for'the
greatest economic gain and/or are strategically most significant.

-. . * .. *. .~ .. .. ''. . .* . . . . *., . . .0 WAe
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Plasma-Assisted Etching

* Continued developmenL of this technology for VLSIC is vital if higher
density circuits are to be realized.

* Application to technologically important materials where no viable
reactive plasma technology presently exists, such as the etching of
copper, aluminum-copper alloys, magnetic metals (e.g., nickel,
cobalt, iron, and their alloys), and noble metals (e.g., gold,
platinum, aid palladium), should be pursued actively.

* Intensified development of techniques applicable to compound

semiconductors and materials for integrated optics and
"projection-type displays is imperative.

Plasma-Enhanced CVD

"" Continued development of techniques to produce high-efficiency,
hydrogenated amorphous silicon for solar energy conversion and other
"photovoltaic applications (e.g., as a photoconductor for xerography)
is important.

0 Extension of these techniques to compound semiconductor and phdtonic
"." devices where low-temperature processing is required could have' a
"* significant pay-off.

"" Development of novel materials with unique characteristics should be
sought. For example, many polymers formed by plasma polymerization
have properties and characteristics that are very useful but are
"quite unlike polymers formed by conventional techniques.

Critical Research and Development Needs

The research and development needs for nonequilibrium plasmas can be
divided into~applied research and engineering directed toward the development
of a specific process and/or product, and basic research that is aimed at
providing information and understanding that is generally applicable to a
variety of situations.

Government support of basic research is probably essential iU the work is
to be accomplished expeditiously and made availab'le to all segments of
industry. In contrast, industry is developing or has developed a large number
of plasma-related processes and products. In the absence of strategic

' considerations (e.g., for national defense), government support in this area
' may not be essential.

Basic Research Needs

Basic research needs fall mainly in the areas of plasma-assisted etching,
plasma-enhanced CVD, and plasma polymerization that involve complex
chemistry. These are to be contrasted to applications thac mainly involve

. physical sputtering, where basic research may not be pivotal. Nevertheleqs,

.~j•~~i..•• i . ."
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it should be emphasized that, because of similarities in the plasma
environment, research on reactive plasmas will yield information applicable to
more physical plasma processes.

iiThe basic needs fall in three general areas. These are listed here
together with some specific approaches to meeting those needs.

* Characterization and understanding of the plasma environment.

-Development of techniques to determine the chemical composition of.
plasma and to relate the composition to plasma parameters subject to
control.

-Characterization of the energy distributions of ions, electrons, and

neutrals in the plasma.

S-Acquisition of information pertaining to excitation and dissociation
- of molecules.

-Development of simple techniques for measuring or estimating plasma
* potentials.

I Characterization and understanding of plasma-surface interactions.

-Improved understanding of adsorption-desorption phenomena in plasma
environments.

-Improved understanding of radical recombination at surfaces to form
stable molecules.

"-improved understanding of how bombardment of surfaces with energetic
particles (ions, electrons, photons) enhances the rates of chemical
"reactions.

* -Improved understanding of the mechanisms of chemical reactions
taking place at surfaces.

a Understanding how material properties re.ate to the plasma conditions
present during their formation.

S Applied Research and Engineering. Needs

0 Continued improvement in plasma-assisted etching technology for VLSIC
silicon devices.

-Improved etch selectivity with respect to mask and substrate
- materials to allow tighter line width control.

-Improved in-process diagnostic tools.

-Improved reactor dejignsIleading to better uniformity and throughput.

•-"p

p
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* Wider application of plasma-assisted etching to solid-state device

fabrication other than silicon integrated circuits..

-Development of specific etching gases to meet the needs of other
solid-state device technologies (e.g., for etching NiFe alloys, noble
metals, and electro-optic materials).

* Improved reproducibility and uniformity for present plasma-enhanced
CVD processes.

* Development ot plasma-enhanced CVD processes to produce "active"
dielectrics (e.g., for gate insulator applications in MOS-VLSIC).

* Refinement of processes for the deposition of hydrogenated amorpho,,s

silicon.

-better control of .impurity incorporation.

-Better control of microstructure.

-Higher throughput.

* Extension of plasma-enhanced CVD to other device technologies.

• Correlation of film properties with plasma parameters for
plasma-enhanced CVD.

* Assessment of potential applications where the unique properties of -

pla.ma polymerized films might be used advantageously.

7•..
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APPENDIX A

GLOSSARY

Biot Number: A dimensionless number'characterizing heaL transfer between a .
fluid and a solid (Bi=h)

Cold Plasma: A plasma where the electrons, ions and neutral gas phase
particles are far from thermal equilibrium.

Conventional Plasma Spraying (CPS): Plasma spray deposition under atmospheric . 0
pressure conditions.

CVD: An abbreviation for "Chemical Vapor Deposition." CVD is a process
whereby a coating is formed from constituents which are carried in the gas
phase to the vicinity of the substrates where deposition takes place.

Directionally Solidified Eutectic Alloys: Controlled solidification to give
an aligned eutectic structure; the heat flow is controlled so as to achieve a
planar solid/liquid interface.

DOI (Direct Reduced Iron): Direct conversion of high purity iron ore into
usable iron obviating 'the need for a blast furnace. 0

Dry Etching: Refers to all etching reactions where the etch product enters
the gas phase.*

Electroslag Remelt: Electrodes are remelted where the molten droplets travel -

through a slag layer for refining purposes. -

Free Radical: This term formally means particles with one unpaired electron.
In this report,,however, it is used synonymously with the term "reactive
intermediate."

'Glow Discharge (Discharge, Gas Discharge): In this report, the term glow
discharge is used to imply a partially ionized gas (cold plasma) cinsisting of
approximacely equal numbers of positive and negative charges, and a different
number of various types of neutral molecules.

HIP (Hot Isc3tatic Pressing.): Consolidation of powder particles .4nder the
simultaneous influence of temperature and hydrostatic pressure. 5

Hollow Cathode: Hollow cathode in a plasma torch so that 'powders can be
injected, along the plasma jet axis.

hot-topping: Insulating compound placed on tup of a liquid reservoir during
casting to ensure the presence of liquid to feed the casting.

IC: Integrated circuit.

Ion Plating: A deposition technique where a growing film is bombarded with
energetic ions.

159
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Laser Doppler Anenometry: A diagnostic technique to measure velocity profiles
ot particulates entrained in gas streams.

LELD: An abbreviation for "Ultra-High Vacuum" which implies pressures below -

10-9 Torr. 0

LPPD kLow Pressure Plasma Deposition): The plasma, spraying deposition process
as carried out in a reduced pressure (40-80 Torr) environment. "

Magnetron Sputtering: A sputter deposition technique where cross magnetic and ...
electric tields are used to modify the plasma.

Near-Net-Shape Components: Production of-parts which require minimum
machining operations to use as a finished component.

Nontransferred Arc: The ar'c is constrained within the plasma generator; there
is no electrical connection (arc) to the workpiece. 0

Nusselts Number: A dimensionless number characterizing heat transfer across
an interface (Nu = hL).

Organometallic Precursors: Organic compound that is the vehicle for
introducing metallic species in the vapor phase either for chemical or .0
physical vapor deposition techniques.

PACVD: An abbreviation for "Plasma-Assisted Chemical Vapor Deposition."
PACVD is a process whereby a glow discharge plasma is used to promote CVD.
(PACVD is sometimes called PECVD which means "Plasma-Enchanced Chemical Vapor
Deposition.") •

?ilot Discharge: Method for producing an initial arc or plasma discharge.

Plasma-Assisted Etching: Refers to all chemical etching reactions which occur .'-

ina plasma environment.*

Plasma C nsolidation: Same as "Plasma Spray Deposition." The deposit 'is
built up to lorm near net shape structures. The substrate may be removed by
machinin or etched away later.

Plasma E ching:' Use of this' term depends upon the author. It can apply to
any or all f the previously defined processes. It often refers to'chemical -

etching n the absence of ion bombardment. Sometimes it means that the
etching reaction is not taking place at the powered electrode.*

Plasma ILduction Furnace: A high frequency alternating magnetic field is used
to *induc ively heat and maintain a plasma..

Plasma Polymerization: A process whereby a plasma is used to enhance a
polymerization .reaction.

Plasma R actor: A general term used for process equipment that uses the
plasma g ses as a heat source or reactants for purposes. of melting,
purifica ion, extraction, reduction or synthesis of materials.

. . . .. . . . . .
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Plasma Spray Deposition: Processes in which a material is introduced into the
plasma jet, melted and subsequently deposited on a substrate. Though wire or
rod teed have been used, powder injection is the most common method used for
introduction of the material to be sprayed into the plasma jet.

Plasma Synthesis: The use of plasma as a heat source for purposes of chemical
synthesis. The reactant gases may be used for, the generation of the plasma
itself or introduced later depending on the process.

Plasma Transferred Arc Deposition: Plasma spray deposition process with an
arc transferred to the substrate.

Powder Metallurgy (P/M): A manufacturing process where the starting material
is in powder form which is subsequently consolidated (mechanically) and
sintered.

Rapid Quenching: Rapid cooling (10 3 K/s and higher) of material from the .
liquid to the solid state.

Rarefied Plasmas: A low density plasma, with large mean free path for the
active species.*

Reactive Ion Etching: Refers to etching reactions which occur at the powered -
electrode in plasma environment.

"Reynolds Number: A dimensionless number; ratio of inertial forces to viscous
forces in fluid flow problems ( PVD ).

RSP (Rapid Solidification Processes): Solidification in which the cooling
rate is approximately 103 K/s and higher.

Skull Casting (also called shell casting): Method for making hollow casting
by draining the liquid metal after a thin shell has solidified.

Splat Cooling: Thin droplets are impacted on a substrate. The resulting thin -

splat undergoes rapid solidification.

Sputter Deposition: A process whereby material is physically sputtered from a
target and subsequently deposited onto a substrate.

Sputter Etching: A process where "physical-sputtering" is used to remove --

material from a surface.

Superalloys: Group of alloys characterized by excellent metallurgical
stability at elevated temperatures, and hence use for high-temperature
applications. The major constituent is either Fe, Co or Ni.'

Superheat: "Superheat" refers to the temperature of a material in ite liquid
state; measured as the temperature above its melting point.

Supersaturated Solution:. A solution in which the amount of dissolved solute
excees *the equilibrium value.
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Thermal Pinch: A constriction in the confined plasma jet.

Transferred Arc: An arc is struck between the workplace and the electrode of
the plas-a torch.

Transport Properties: Physical properties of fluids that effect its flow, -.

i.e., viscosity, density, thermal conductivity.

UHV: An abbreviation for "Ultra-High Vacuum" which implies pressures below
10-9 Torr.

UPS: An abbreviation for the analytical technique called "ultra-violet
phozo-electron spectroscopy." Ultra-violet light is used to produce electrons
of characteristic energies which are then analyzed.

Vacuum Plasma Spraying (VPS): Plasma spray deposition process as carried out --

in a reduced pressure (40-80 Torr) environment. See LPPD. •

VAR (Vacuum Arc Remelting): An arc is used to remelt one or both electrodes
(in vacuum) for refining purposes.

VIM (Vacuum Induction Melting): Induction.melting carrie-. under vacuum.-

VLSI: Very Large Scale Integration

XPS: An abbreviation for the analytical technique called "x-ray
photo-electron spectroscupy." The technique is also called ESCA, i.e.,
"electron spectroscopy for chemical analysis." X-rays are used to produce
electrons of characteristic energies which are then analyzed.. W-

Terminology in this area is confusing and frequently non-descriptive. It

would be best if one term were used to describe all etching processes which
occur in a plasma environment, e.g., plasma-assisted etching.

........... ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .............................
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LIST OF SYMBOLS

A a area covered by splatted particle
An a nozzle cross-sectional area
C a specific heat capacity at constant pressure
CD - drag coefficient
d splat diameter
D particle diameter
h a heat transfer coefficient
k = thermal conductivity
M gas mass flow rate
Ma a Mach number
Nu W Nusselt number
Pi a pressure in arc gas chamber
Po ambient pressure
p Pi - Po

Pr U Prandtl number
r = radial distance
Re U Reynolds number

S U thickness of splatted particle
t time
T t temperature
V velocity
m ratio of splat diameter to original particle diameter, d/D
fl " dynamic viscosity

V kinematic viscosity
P density

Subscripts:

avg U properties calculated at arithmetic mean temperature
d U deposit
g plasma gas
p U particle
S U particle surface 0 O--
Sub = substrate

4 .A .
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CURRICULA VITAE OF COMMITTEE
MEMBERS

MERTON C. FLEMINGS, a member of the National Academy of Engineering, holds"

a Sc.D. (in metallurgy) from Massachusetts Institute of Technology. Professor
Flemings has been a faculty member at MIT since 1956 and Director of the
Matezials Processing Center since 1979. He is the co-author of 170 papers and
two books in the field of materials processing and solidification science.

JULIAN SZEKELY is a Professor of Materials Engineering at Massachusetts
Institute of Technology. Dr. Szekely received his B.Sc., Ph.D., and D.Sc.
(Eng.) degrees from Imperial College, University of London, England. He . .-
taught at Imperial College and at the State University of New York at Buffalo
before taking up his current position. His main research interests are in • .
heat transfer, fluid flow, and mass transfer in materials processing S

operations, with emphasis on electromagnetically driven flow systems.
Professor Szekely is a member of the National Academy of Engineering.

NOEL JARRETT received his Master of Science degree from the University of"
Michigan. At present he holds the position of Assistant Director, Metal
Products, Alcoa Labs, Aluminum Company of America, and is active in a number
of professional societies. Mr. Jarrett is a member of the National Academy of
Engineering.

BERNARD H. KEAR is scientific advisor at the Exxon Research and Engineering
Company. His previous professional affiliation was with the United
Technologies Research Center, where he served as Senior Consulting Scientist. S

Dr. Kear received his Ph.D. (1957) and D.S¢. (1970) degrees from Birmingham
University. A member of the National Academy of Engineering, Dr. Kear's . ' -.

research haa been in alloy design and processing of superalloys and surface
modification of materials.

EMIL PFENDER holds a Diploma degree in physics and a D.Eng. (Electrical *
Engineering).from the University of Stuttgart, Germany. He has been a
Professor of Mechanical Engineering at the University of Minnesota since 1967,

.,where he is also in charge of The High Temperature Laboratory. Professor
Pfender has authored and co-authored more than 120 papers in the areas of
plasma chemistry and processing, arc tech-nology and plasma heat transfer.

EARL THOMPSON holds a D.Sc.. degree (Materials Science) from 'the University of -

Virginia. He is at present manager of materials science at United
Technologies Research Center. His research includes work in high-temperature
alloys, composite materials, rapidly solidified alloys, and processing of
metals by lasers.

PHILIP H. WILKS is President of Plasma Materials Incorporated. He received a
Ph.D. (Inorganic Chemistry) from the University of Pittsburgh and, prior to
his present aftiliation, worked for the Generai Electric Company, Westinghouse .-*'*- -
Corporation, and Humphreys Corporation. His expertise is in the area of
plasma chemistry, and high-temperature materials.
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.DIRAN APELIAN recei.ved a Sc.D. (Materials Science) from Massachusetts
Institute of Technology, and is now Professor and Head, Department of
Materials Engineering at Drexel University. Professor Apelian is active in . .

several professional societies, and his research includes work in
solidification processing, liquid metal filtration, development of rapid-cycle S
casting technologies, and low-pressure plasma processing.

CYRIL JOSEPH MOGAB is currently Head, III-V Processing Technology Department
at AT&T-Bell Laboratories. Holder of a Sc.D. (Ceramics) from Massachusetts
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